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The growing demand for materials and devices with new functionalities led to the increased inter-
est in the field of nanomaterials and nanotechnologies. Nanoparticles, not only present a reduced 
size as well as high reactivity, which allows the development of electronic and electrochemical 
devices with exclusive properties, when compared with thin films. 
This dissertation aims to explore the development of several nanostructured metal oxides by sol-
vothermal synthesis and its application in different electrochemical devices. Within this broad 
theme, this study has a specific number of objectives: a) research of the influence of the synthesis 
parameters to the structure and morphology of the nanoparticles; b) improvement of the perfor-
mance of the electrochromic devices with the application of the nanoparticles as electrode; c) 
application of the nanoparticles as probes to sensing devices; and d) production of solution-pro-
cessed transistors with a nanostructured metal oxide semiconductor.  
Regarding the results, several conclusions can be exposed. Solvothermal synthesis shows to be 
a very versatile method to control the growth and morphology of the nanoparticles.  
The electrochromic device performance is influenced by the different structures and morphologies 
of WO3 nanoparticles, mainly due to the surface area and conductivity of the materials. The dep-
osition of the electrochromic layer by inkjet printing allows the patterning of the electrodes without 
wasting material and without any additional steps.  
Nanostructured WO3 probes were produced by electrodeposition and drop casting and applied 
as pH sensor and biosensor, respectively. The good performance and sensitivity of the devices 
is explained by the high number of electrochemical reactions occurring at the surface of the na-
noparticles.  
GIZO nanoparticles were deposited by spin coating and used in electrolyte-gated transistors, 
which promotes a good interface between the semiconductor and the dielectric. The produced 
transistors work at low potential and with improved ON-OFF current ratio, up to 6 orders of mag-
nitude.  
To summarize, the low temperatures used in the production of the devices are compatible with 
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A crescente demanda por materiais e dispositivos com novas funcionalidades impulsionou o in-
teresse na área dos nanomateriais e nanotecnologias. As nanopartículas não só apresentam 
dimensões reduzidas como elevada reactividade, que possibilitam a fabricação de dispositivos 
electrónicos e electroquímicos com propriedades únicas, quando comparadas com a utilização 
do mesmo material na forma de filme fino. 
Nesta dissertação pretende-se desenvolver diferentes óxidos metálicos nanoestruturados por 
síntese solvotermal, bem como a sua aplicação em diferentes dispositivos electroquímicos. Den-
tro deste vasto tema, o presente trabalho apresenta os seguintes objectivos: a) estudo da influ-
ência dos parâmetros de síntese na estrutura e morfologia das nanopartículas; b) melhorar a 
performance dos dispositivos electrocrómicos com a aplicação das nanopartículas como eléctro-
dos; c) aplicar as nanopartículas em sondas para diferentes tipos de sensores; d) produção de 
transístores compatíveis com processos de solução utilizando semiconductores de óxidos metá-
licos nanoestruturados. 
De acordo com os resultados obtidos podem ser retiradas diversas conclusões. A síntese solvo-
termal é um método bastante versátil para controlar o crescimento e morfologia das nanopartí-
culas. 
A performance dos dispositivos electrocrómicos foi influenciada pelas diferentes estruturas e 
morfologias das nanopartículas de WO3 devido, principalmente, à área superficial e conductivi-
dade dos materiais. A deposição da camada electrocrómica efectuada por impressão de jacto de 
tinta possibilita definir diferentes padrões sem desperdício de materiais ou quaisquer passos adi-
cionais. 
As sondas de WO3 nanoestruturadas foram produzidas por electrodeposição e “drop casting” 
para aplicação em sensores de pH e em biossensores, respectivamente. A elevada performance 
e sensibilidade destes sensores deve-se ao número elevado de reacção electroquímicas que 
ocorrem à superfície das nanopartículas.  
Nanopartículas de GIZO foram depositadas por “spin coating” e aplicadas em transístores onde 
o dieléctrico foi substituído por electrólito. Esta estrutura permite uma melhor interface entre o 
semiconductor e o electrólito, e os transístores operam com um potencial eléctrico reduzido e 
uma elevada diferença de corrente entre os estados ON e OFF (até 6 ordens de grandeza). 
Por último, a reduzida temperatura utilizada na produção destes dispositivos é compatível com 
substractos flexíveis e adicionalmente, devido ao baixo custo das técnicas utilizadas estes pro-
cessos podem ser potencialmente adaptados para a produção de dispositivos descartáveis. 
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This chapter aims to frame this thesis in the field of nanoscience and nanotechnology. It starts 
with a brief history of the nanotechnology, and then explores the definitions and properties of 
nanomaterials that are relevant for this work. It gives also some insights about nanoparticles en-
gineering focusing in the metal oxides that were applied in the electrochemical devices. Finally, it 
ends with the motivation and thesis outline. 
  




1.1. Nanoscience and Nanotechnology 
Nanoscience and nanotechnology became a distinguishable and multidisciplinary field of re-
search with emerging applications. It is one of the most visible and growing research areas in 
science and technology and, all over the world research funding agencies have been supporting 
the exploitation of the potentialities of this field in the areas of chemistry, materials, engineering 
and medicine. Nanoscience and nanotechnology are fueling a new industrial revolution supported 
by the scientific ability to fabricate, model and manipulate objects with a small numbers of atoms, 
and the almost daily discovery of new phenomena at the nanoscale.[1], [2] 
The term “nanotechnology” has first appeared in a conference in 1974 by Norio Tanigu-
chi,[3] but the idea of building “small” things is usually attributed to Richard Feynman based on 
the talk he gave in 1959, where he predicted that machines would build even smaller machines 
and other products with atom by atom control, a process which was later called molecular manu-
facturing.[4] Truthfully, interfaces and colloids science existed for nearly a century before they 
became associated with nanotechnology. The first observations and size measurements of na-
noparticles have been performed in the beginning of 20th century by Richard Zsigmondy, winner 
of the 1925 Nobel Prize in Chemistry for his demonstration of the heterogeneous nature of colloid 
solutions and for the methods he used, which have since become fundamental in modern colloid 
chemistry.[5], [6] Zsigmondy was also the first to use the term “nanometer” explicitly for charac-
terizing particle sizes. At the same time, Irving Langmuir, winner of the 1932 Nobel Prize in Chem-
istry introduced the concept of a monolayer, a layer of material with one molecule thick.[7] 
Later on, the major boost to further develop the nanotechnology was achieved in 1981 by 
Gerd Binnig and Heinrich Rohrer at IBM Zurich Research Laboratory with the invention of the 
scanning tunneling microscope (STM), for which they were awarded with the Nobel Prize in Phys-
ics in 1986,[8] and in 1985 Binnig, Calvin Quate and Christoph Gerber invented the atomic force 
microscope (AFM).[9] At this time (1985), the first fullerene was discovered by Harry Kroto, Rich-
ard Smalley and Robert Curl, who together won the 1996 Nobel Prize in Chemistry.[10] The dis-
covery of carbon nanotubes even if generally attributed to Sumio Iijima due to the impact of his 
“Nature” paper in 1991,[11] was first published in 1952 by L. V. Radushkevich and V. M. Lukya-
novich, but in Russian language.[12] Still in 1986, Eric Dexter published the book “Engines of 
Creation” and he is described as the founding father of nanotechnology. He established main 
fundamentals of molecular engineering and described the implementation and applications of 
advanced nanotechnologies.[13] Drexler was also one of the co-founders of the Foresight Insti-
tute that is: “the primary force pushing for the kind of nanotechnology that will truly transform our 
future, from medicine to the environment to space settlement”.[14]  
In Europe, the research and interest for nanotechnology started some years later. In 2004  
the European Commission promoted the communication “Towards a European Strategy for Nan-
otechnology” and in 2008 releases the “Code of conduct for responsible nanosciences and nan-
otechnologies research”. In 2006 is established the first institute in Portugal in the field of nano-
science and nanotechnology, i3N – Institute of Nanostructures, Nanomodelling and Nanofabrica-
tion, which is a partnership between three research units, IPC (Institute for Polymers and Com-
posites, hosted by University of Minho), CENIMAT (Materials Research Center, hosted by the 




New University of Lisbon) and FSCOSD (Physics of Semiconductors, Optoelectronics and disor-
dered Systems, hosted by the University of Aveiro). 
In 2013, IBM launches “A Boy and His Atom: The World’s Smallest Movie” in which the 
atoms are moved by using their STM and recorded in a movie to further promote IBM’s research 
in the field of atomic-scale memory and to reveal the latest developments and new possibilities 
in nanotechnology. [15] 
Figure 1.1 depicts the major events related with nanoscience and nanotechnology. 
 
Figure 1.1. Major historic events for the development of nanoscience and nanotechnology. 
 
Nanotechnology has, and will continue to have, considerable impact on our lives as well 
as on the global economy, but questions are being raised about potential health risks and the 
possible environmental impact. Figure 1.2 demonstrates the number of manuscripts published in 
scientific journals concerning the broad topics: “Nano”, “Nanoparticle”, “Nanotechnology” and the 
more specific case of the “Nanotoxicology”. We are still far from the full understanding of the 
impact that nanotechnology can bring to the planet. Even so, in the last decade, the number of 
manuscripts has increased more than 20 times in all the topics related with the “nano-world”. 
 





Figure 1.2. Number of manuscripts published in 2000, 2005, 2010 and 2013 under the topics: 
Nano, Nanoparticle, Nanotechnology and Nanotoxicology. Based on topic search performed in 
ISI web of knowledge, at Dec. 2014. 
 
The main reason for the fascination in nanostructures is their interesting properties, which 
are not found in the bulk materials. Surface and quantum effects arise in nanostructures due to 




Nanostructured materials (nanomaterials) include atomic clusters, layered or lamellar films, fila-
mentary structures, and bulk nanostructured materials. The common thread to these various ma-
terial forms is the nanoscale dimensionality, i.e. at least one dimension less than 100 nm.[1] This 
systems can be classified as 0D if the system exhibits a nanometric size in the three spatial 
dimensions, 1D if the nanometric size is in two dimensions or 2D systems if one spatial dimension 
is nanometric. Bulk nanostructured materials are classified as 3D systems. In solid-state physics 
and optoelectronics 0D, 1D and 2D structures are usually named quantum dots, quantum wires 
and quantum wells, respectively (Figure 1.3). However, the interest for this kind of systems is not 
restricted only to these scientific fields since confined structures are also widely employed in ca-
talysis, energy storage applications, thermoelectric materials, photocatalysis, mechanical met-
amaterials and biotechnology.[17] Structural geometry of nanostructures becomes more compli-
cated in the case of composite and multi-component materials. Categories of nanocomposites 
consisting of a minimum of two phases (with at least one phase having sizes less than 100 nm), 







































Figure 1.3. Nanomaterials classification according to its dimensionality. 
 
Surfaces and interfaces are also important in explaining nanomaterial behavior. In bulk 
materials, only a relatively small percentage of atoms will be at, or near, a surface or interface. In 
nanomaterials, the small feature size ensures that many atoms, perhaps half or more in some 
cases, will be near interfaces. Surface properties such as energy levels, electronic structure, and 
reactivity can be quite different from interior states, and give rise to different material properties.[1] 
In fact, as highlighted above, their peculiar dimensionality gives rise to quantum confine-
ment phenomena, which modify the structural, optical, chemical and electronic properties with 
respect to the corresponding bulk materials. For instance, systems with different dimensionalities 
show significantly different optical properties, which arise from their peculiar density of states 
(Figure 1.4). A bulk material exhibits a square root energy (E1/2) dependence of the density of 
states, while in 2D system is described by a step function, the 1D systems show a E−1/2 depend-
ence for each quantized state, and in 0D, all available states exist only at discrete energy values 
since the electron is confined in all three spatial dimensions.[17], [18] 
Structural nanomaterials can exist in various forms, such as, metals, oxides and compo-
sites. Furthermore, the internal structure of nanoparticles, often meaning the way in which their 
atoms are distributed, may also vary. Some are amorphous (randomly distributed atoms) while 
others are crystalline (regularly distributed atoms). Crystalline materials may be polycrystalline, 
which means that the structure contains different areas with different single crystalline orienta-
tions, or monocrystalline with only one orientation. Each type exhibits different properties, thus 
having an immense potential for many applications in every field of science and engineering.  
 





Figure 1.4. Electronic density of states for a bulk 3D, 2D, 1D nanocrystalline material and 0D 
quantum dot. The arrows represent the spatial confinement occurring in each system. 
 
The diversity of applications is reflected in the amount of consumer products that increases 
every year (Figure 1.5). In October of 2013 the number had reached a maximum of 1628 prod-
ucts, with the main constituents based on silver, titanium and carbon.  Silver is typically used for 
its antibacterial properties,[19] titanium oxide is a common pigment but is also used in sun-
screens, and carbon (including fullerenes and nanotubes) is used in household appliances, auto-
mobiles, biomedical devices, space vehicles, among others.[20] The larger category of products 
(health and fitness) includes personal care, clothing, cosmetics and sunscreens with a total of 
788 available products. This inventory was based in products manufactured in 30 different coun-
tries.[21] 





Figure 1.5. a) Nanotechnology consumers’ products evolution; b) Most common materials used 









In the field of medicine and biology, several nanoparticle applications have already been 
approved for clinical use, and many others are at different stages of development. Nanoparticle-
based biomedical applications include drug delivery, tissue engineering, fluorescent biological 
labeling, and magnetic ressonance imaging (MRI) contrast enhancement.[22] 
As discussed before, the extraordinary optical, mechanical, electrical, and chemical prop-
erties of the nanomaterials are highlighted in some of the major breakthroughs of this field:[23] 
1) Magnetic nanoparticle assemblies that present novel magnetic properties with respect to 
their bulk constituent components due to surface effects produced by the modified atomic 
symmetry, in such, low dimensional systems and magnetic coupling between the parti-
cles. 
2) The combination of low toxicity, high surface area, biocompatibility, and colloidal stability 
of gold nanoparticles allowed the its integration into biosensors. The use of nanomaterials 
and their composite results not only on a stable immobilization matrix (in the electrode 
surface) but also act as catalyst for many reactions, thus resulting in enhanced signal 
response. 
3) The luminescence emission and absorption edge that were tuned by changing the parti-
cle size and by controlling the defect chemistry of ZnO nanostructures (photocatalyst).  
4) Nanohybrid materials formed between conducting polymers, and inorganic oxides with 
carbon nanotube that demonstrate an excellent solar energy conversion capacity. This 
resulted in a dramatic increase in the surface area and increase in electronic conductivity, 
and electrolyte accessibility of the nanoporous structure, which improved the perfor-
mance of the nanohybrid photoanode and cathode as a solar energy extraction material. 
These results on nanocomposites also suggested that nanoporous composites of multi 
wall carbon nanotubes (MWCNTs) with conducting polymers are promising for energy 
conversion devices such as biosolar cells and QD sensitized solar cells. 
1.3. Nanoparticles Engineering  
The nanoparticles can be generated both unintentionally, e.g. from internal combustion engines 
[24] or intentionally, specially engineered for a specific application. But material engineers are not 
the only ones interested in designing functional materials to solve problems encountered in sci-
ence and technology.[25] Organisms have spent millions of years optimizing structural materials 
for performance, durability and appearance, which scientists can be inspired in two ways: by 
directly using those with different applications[26] or by miming the natural features in the engi-
neered materials.[27] Some examples of the features found in nature are exposed in Figure 1.6.  





Figure 1.6. SEM images of: a) Diatom Frustule (image copyright © Dennis Kunkel Microscopy, 
Inc.), b) Diatom Coscinodiscus wailesii algaes (adapted from [28]), c) Swallowtail butterfly (image 
copyright © Dennis Kunkel Microscopy, Inc.), and d) Lycaenid butterfly wing scales (adapted from 
[29]). 
 
Depending on the application, the most important features of the engineered nanomaterials 
are the chemical composition and the structural properties (size, morphology, crystallinity and 
crystallography). Therefore, the synthesis method should selectively yield the desired particle’ 
properties, and in large quantities. Following to the production of the nanoparticles, generally 
there is the need to produce a dispersion that preserves the material’ properties with a good 
quality and homogeneity. Stable dispersions are ideally achieved without the addition of a disper-
sant, however, it is extremely difficult to attain it as the nanoparticles tend to agglomerate fairly 
quickly.[30] Hence, it is of great importance to fully understand the mechanism of the stability of 
the dispersion.[1] 
1.3.1. Dispersions Stability 
Nanoparticles aggregation and stability is mostly explained using the colloid science principles, 
based around Derjaguin-Landau-Verwey-Overbeak (DLVO) theory.  
According to classical DLVO theory, the aggregation of nanoparticles is determined by the 
sum of the van der Waals attractive and electrostatic double layer repulsive forces.[31] 
Since the potential energy due to the van der Waals attraction forces (VA) and to the elec-
trostatic repulsive forces (VR) are given by the following equations 1.1 and 1.2:[32]  

























𝟐)𝒍𝒏(𝟏 − 𝒆−𝟐𝑲𝒄)] (1.2) 
where A is the Hamaker constant and is a material property,[33] r is the particle radius, c the 
center-to-center distance between two interactive particles, p is the electrical permittivity,  the 
zeta potential of the two particles and K is the Debye-Huckel function,[34] then, the total potential 
energy, given by DLVO theory, can be described as: 
𝑽𝑻 =  𝑽𝑨 + 𝑽𝑹 (1.3) 
and is represented in Figure 1.7. 
 
Figure 1.7. Electrostatic double layer (EDL), van der Waals and Derjaguin-Landau-Verwey-
Overbeak (DLVO) forces represented as total potential energy as a function of nanoparticles 
separation distance. 
 
The total potential energy presents two minima values depending on the separation dis-
tance between the nanoparticles. These regions are characterized by flocculation (aggregated 
material that can be re-dispersed by agitation and sonication) and coagulation (irreversible ag-
gregation of the material) that occur at larger and smaller particle separations, respectively (Fig-
ure 1.7).  
Depending on the assumptions taken by the authors, the equations 1.1 and 1.2 can be 
derived in simpler equations. For example, when the separation distance between two particles 





for spherical particles, where h is the separation distance between two interactive particle sur-








































for plate-shaped particles. With this assumption, it is clear the dependence of the attractive po-
tential energy with the shape of the particle, and for spherical particles the decays of the energy 
with the separation distance is slower than for plate-shaped particles. This slower decay can be 
explained by the fact that at short distances, only part of the spheres are close together. A small 
change of the distance between the spheres has a substantial effect on the points of closest 
approach, whereas the bulk of the spherical nanoparticle maintains its properties constant.[36] 
The electrostatic repulsive forces are dependent of the charge on the particle surface 
(equation 1.2). In the case of hydrous oxides in aqueous solutions, the OH− groups at the surface 
of the particles can protonate (and deprotonate) depending on the pH of the solution. This process 
result in the creation of a charge on the particle surface according with the following equations: 
M–OH + H+→M–OH2+ (1.6) 
M–OH + OH−→M–O− + H2O (1.7) 
The pH at which the charge on the particle is zero is called the “point of zero charge” (PZC), 
and is a property of the material. At pH < PZC, the particle is positively charged while for pH > 
PZC, the charge of the particle is negative (Figure 1.8).[37] 
 
Figure 1.8. Representation of the surface charge dependence with the pH. 
 
The surface charge of the particle attracts ions (known as counterions) of opposite charge 
in the solution. These counterions bind to the particles via van der Waals and electrostatic forces. 
The water molecules are also attracted towards the surface charge and are held by van der Waals 
forces as well as by hydrogen bonds. Hence, the particle surface charge is screened by the coun-
terions and create an electrical double layer (EDL). This EDL, associated with every colloidal 
particle, is responsible for generating a repulsive force between two neighboring particles, thus 
avoiding flocculation of particles (electrostatic stabilization).  
The EDL (Figure 1.9) is formed by three distinct regions: inner Helmholtz plane, outer 
Helmholtz plane and diffuse layer. The first region consists in the adsorbed ions on the surface, 
the second the solvated ions in contact with the surface and the diffuse layer is composed of ions 
attracted to the surface of the particle via electrostatic forces and is dependent of the ions con-
centration in the bulk of the electrolyte. For high ion concentration, the contribution of the diffuse 
































solvated ions, which are usually considered as being confined in a region with a thickness of 1 
nm.[38], [39] This model was later symplified by Stern, to only two layers: Stern and diffuse layers. 
His theory states that ions have a finite size, so cannot approach the surface closer than a few 
nanometers. The first ions of the EDL are not at the surface, but at a distance d away from the 
surface that is usually taken as the radius of the ion. Stern also assumed that some of the ions 
are specifically adsorbed by the surface of the particle, and this layer has became known as the 
Stern layer.[32] 
 
Figure 1.9. Schematic representation of the electrical double layer (EDL) structure. 
 
Small variations in the electrolyte concentration are known to change the characteristics of 
the EDL of the nanoparticles and hence affect the repulsive forces. This change in the stability of 
the dispersions can occur with only minor external changes and should be controlled during na-
noparticles suspension.[40], [41]  
Though, engineered nanoparticles challenge the limits of colloid science due to its variable 
shape, size, structure, composition, and presence of adsorbed or grafted organic molecules.[41] 
Consequently, researchers all over the world are continuously discovering new evidences and 
theories to further understand this mechanism, mainly using computer modeling.[42],[43] 
Although nanoparticles dispersions are most commonly stabilized by the EDL of the parti-
cles, it is also possible to prevent coagulation by using a thick adsorbed layer, which constitutes 
a steric barrier (Figure 1.10). The most common strategy to create an effective barrier is by ad-
sorbing a polymeric layer on the nanoparticle surface where the following requirements should 
be fulfilled: 
 the surface of the nanoparticle should be completely covered with the polymer (to 
prevent polymer chains from attaching to two particles simultaneously); 
 the polymer should be firmly anchored to the surface of the nanoparticle so that it is 
not displaced during Brownian collisions; 
 the layer must be thick enough (typically >3 nm) to keep the point of closest approach 
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 the non-anchored portion of the polymer must be well solvated by the liquid. 
 
Figure 1.10. Representation of electrostatic and steric stabilization between two nanoparticles. 
 
The adsorbed layer of the polymer prevents coagulation of the particles in two ways: en-
tropicly and enthalpicly. When the two particles approach each other, the adsorbed layers over-
lap, resulting in a decrease in the degree of motion of the polymer chains. This is the entropic 
contribution of the adsorbed polymer against the particle coagulation. As the particles approach 
each other, the solvent molecules, which surround the particles, are squeezed out. However, an 
osmotic pressure is created that tends to suck the liquid back into the space between the particles. 
This increases the energy required for the particles’ approach and it is the enthalpic contribution. 
The block polymers are particularly effective steric barriers in this respect, because one end can 
be made to be strongly adsorbed at the particle surface, while the rest of the chain can be tailored 
to have a high affinity for the solvent. The higher the affinity of the solvent for the polymer, the 
greater the enthalpic contribution to the stabilization.[1],[37] 
Steric repulsion forces resulting from adsorbed polymer, polyelectrolyte coatings or natural 
organic matter makes the total potential energy to have only one minimum. Coated nanoparticles 
may therefore aggregate reversibly, which has significant consequences regarding the fate, 
transport, bioavailability, and effects of nanoparticles in the environment. In addition to steric re-
pulsion forces, also bridging, osmotic, hydrophobic Lewis acid-base, and magnetic forces have 
been applied to match experimental data of various types of aggregating particles. These addi-
tional forces are collectively known as the extended DLVO (xDLVO) theory and is represented in 
Figure 1.11.[41]  
 
Figure 1.11. Extended Derjaguin-Landau-Verwey-Overbeak (xDLVO) forces represented as the 

























The relevant force type depends on the system tested, and frequently more than one 
xDLVO force is important. Moreover, forces are not completely independent of one another. In 
the case of nanomaterials, understanding aggregation using a DLVO- or xDLVO-based theory 
presents many challenges. 
1.3.2. Synthesis Techniques 
The techniques used to engineer nanoparticles are usually divided into mechanical milling, phys-
ical processing, biological processing and chemical processing. Nevertheless, the development 
of new fabrication and processing technologies, along with a fundamental understanding of the 
relationship between the structure and properties of the feedstock powders created, and contin-
ues to create, a variety of possibilities to produce nanostructured materials not only as powders 
but also in films, composites and coatings.[1] 
Mechanical milling (or mechanical attrition) involves grinding a large piece of material into 
small particles (Figure 1.12). A very high energy input is required to produce small nanoparticles 
with this method, and it is difficult to manufacture particles with uniform size and shape. The 
significant advantage of this method is that it can be readily implemented commercially.[1] This 
“top down” approach is dependent of the gridding ball size and the dispersion medium used in 
the milling, with no possibility to control the crystallographic structure. 
 
Figure 1.12. a) Example of a ball mill from RETSCH[44], b) Typical containers and balls used in 
the equipment and c) Schematic representation of the ball milling process. 
 
Nanoparticle production by physical processes comprises sputtering[45] or evaporation 
[46], [47] in an inert gas. Nanoparticle generation by physical processes may be complex and a 
fairly high energy input is sometimes required. Lithography,[48] laser ablation (pulsed laser dep-
osition)[49] and injections systems[50] are other physical processes that can be used as single 
or combined methods to produce nanostructured films or particles (Figure 1.13). These methods 
are out of the scope of this thesis and therefore will not be discussed in further detail. 





Figure 1.13. Representation of the most common physical processes used in nanostructures 
production. 
 
In biological systems, shape controlled synthesis of nanomaterials is achieved either by 
growth in constrained environments such as membrane vesicles or through functional molecules 
such as poly-peptides that bind specifically to crystallographic planes of inorganic sur-
faces.[51][52] By adapting biological specificity to materials synthesis and functionality, genera-
tion of structures of controlled composition, size, and shape can be achieved for technologically 
important applications ranging from plasmonics and biomedical devices to energy technolo-
gies.[53] Nevertheless, the specificity of this systems require special equipment and usually re-
sults in an expensive procedure. 
In chemical processing, precursors and solvents in liquid or gas form are used to produce 
nanoparticles. These methods can require expensive chemicals, result in partly contaminated 
particles, and create significant amounts of chemical waste. Nevertheless, the strength of chem-
istry in materials science is its versatility in designing and synthesizing new materials, which can 
be processed and fabricated into final products. Chemical synthesis permits the manipulation of 
matter at the molecular level which allows good chemical homogeneity. Also, by understanding 
the relationship between how matter is assembled on an atomic and molecular level and the 
material macroscopic properties, molecular synthetic chemistry can be tailor designed to prepare 
novel starting components. Better control of the particle size, shape, and size distribution can be 
achieved in particle synthesis. To benefit from the advantages of chemical processing, an under-
standing of the principles of crystal chemistry, thermodynamics, phase equilibrium, and reaction 
kinetics is required.[30], [54] Chemical preparation of nanoscale particles with desired material 
properties is a “bottom-up” manufacturing approach and the most common chemical processes 
are exposed below. 
 
1.3.2.1. Sol-gel 
The synthesis of oxide nanoparticles by this procedure is based upon the hydrolysis and conden-
sation/dehydration of metal alkoxide M(OR)n, where M is the metal, O is the oxygen and R is the 
organic group. Since the metal alkoxide is not soluble in water, they are required to be dissolved 
in a common alcoholic solvent in order to carry out their reaction. According to this model, the 
alkoxide group, being highly electronegative, creates a positive charge on the central metal atom. 
Since, in the water molecule, exists a partial negative charge on the oxygen atom, the water 
molecule attacks the metal atom from the alkoxide, which results in the hydrolysis of the alkoxide 
(Equation 1.8). 




Hydrolysis: M(OR)4 + H2O → HO-M(OR)3 + R-OH (1.8)  
Condensation/ Dehydration: 2HO-M(OR)3 → (OR)3M–O–M(OR)3 + H2O (1.9) 
Two partially hydrolyzed molecules can link together in a condensation reaction that results 
in the M–O–M bond with the release of a water or alcohol molecule (Equation 1.9). The kinetics 
of hydrolysis and condensation reactions are mainly governed by the water to alkoxide (R) ratio. 
In general, low R values (<3) are suitable for fiber and thin-film formation while large R values 
(>3) generate powder particles. The oxide nanoparticle size and its distribution and particle sur-
face morphology are hence affected by this R value (Figure 1.14).[37]  
 
Figure 1.14. Sol-gel synthesis process representation. 
 
The most common processes used to generate nanoparticles from sol-gel approach are 
the gelation, precipitation and solvothermal treatments.[55] This last procedure will be described 
in detail in section 1.3.2.5.  
 
1.3.2.2. Aerosol Spray Pyrolysis 
In this technique, aqueous metal salts are sprayed as a fine mist, dried, and then passed into a 
hot flow tube where pyrolysis converts the salts to the final products. This technique has two main 
advantages in synthesizing fine particles. First, materials are mixed in solution, hence they are 
homogeneously mixed on the atomic level at the start. Second, only sub-sintering temperatures 
are necessary to form crystallized particles. This method of synthesis creates particle sizes typi-
cally in the range of 5 to 500 nm.[30] 
 
1.3.2.3. Self-assemble 
In the last two decades, as the understanding of nanoscience has advanced, the field of self-
assembly has grown tremendously. Using techniques such as solid- or liquid-state peptide syn-
thesis, chemical ligation, recombinant processes, or enzymatic synthesis it is now possible to 
design peptides and proteins with the right codes to produce a large variety of structures including 




self-assembled monolayers, tapes, belts, fibrils, tubes, vesicles, or bilayer membranes. In gen-
eral, self-assembling systems can be divided into five key parts: the subunits, a driving force, a 
repulsive force, a binding force and the environment.[48], [56] 
 
1.3.2.4. Electrodeposition 
Electrodeposition is another “one-step” processing method in that the coatings or free-standing 
foils are nanocrystalline and the consolidation of particles is not required. This eliminates one 
category of artifact, which is porosity or incomplete particle bonding that is common in “two-step” 
processes. Electrodeposition occurs by the nucleation of crystallites on the substrate surface and 
their subsequent growth along with nucleation of new crystallites. In order to have a nanocrystal-
line grain size, nucleation events should be favored over growth. The variables in electrodeposi-
tion include bath composition, pH, temperature, overpotential, additives, and direct current vs. 
pulse electrodeposition. It has been stated that the two most important mechanisms that are rate-
determining steps for formation of nanoscale grains in electrodeposition are charge transfer at 
the electrode surface and surface diffusion of the adsorbed ions on the crystal surface.[1] 
 
1.3.2.5. Solvothermal Synthesis 
Solvothermal synthesis is generally defined as a chemical reaction taking place in a solvent at 
temperatures above the boiling point and pressures above 1 bar. The medium used in a solvother-
mal synthesis can be anything from water (hydrothermal) to alcohol or any other organic or inor-
ganic solvent.[57] Nevertheless, the term “hydrothermal” is generally used, in many reports, de-
scribing all types of synthesis that occur in a closed vessel with controlled temperature and pres-
sure. In fact, the number of articles associated to hydrothermal synthesis are almost 9 times 
higher than to solvothermal synthesis (Figure 1.15).  
The method is not a new invention, the term hydrothermal has its origins in geological 
science and was first used in the beginning of the 19th century, to describe the action of water at 
elevated temperature and pressure in bringing changes in the earth’s crust, and leading to the 
formation of various rocks and minerals. However, materials scientists popularized the technique, 
particularly during 1940s and today is still being adopted and optimized.[58] 
 





Figure 1.15. Number of articles published in 2000, 2005, 2010 and 2013 under the topics of 
hydrothermal and solvothermal synthesis. Based on topic search performed in ISI web of 
knowledge. 
 
The temperature and pressure conditions facilitate the dissolution of the chemical reagents 
and the production of the products by crystallization. This technique provides a one-step reaction 
route to complex materials. The use of solvents also offers high diffusivity which increases the 
mobility of the dissolved ions and allows a better mixing of the reagents.[59]  
The precursors used in the synthesis of inorganic compounds are often aqueous solutions 
of simple salts such as metal chlorides, nitrates or acetates. Depending on the specific synthesis, 
these can be precipitated to the corresponding metal hydroxides prior to the synthesis using a 
base (e.g., NaOH, KOH or NH4OH) and other additives for pH control, reduction or oxidation, 
coating, among others, can equally be added prior to the solvothermal treatment. The reaction 
mechanisms are naturally highly system dependent. The solvothermal method exploits that by 
increasing temperature and pressure, the fundamental properties of water, or other solvent used, 
changes. Important characteristics such as the ionic product, density, thermal conductivity, vis-
cosity, heat capacity and the dielectric constant are all highly dependent of both pressure and 
temperature, and by tuning the synthesis parameters, specific solvent properties can be obtained. 
As an example, Figure 1.16 shows the dielectric constant of water as function of temperature. 
With temperature, the dielectric constant drops rapidly. This drop has large implications in the 
solubility of polar and ionic species which are often used in the synthesis of inorganic materials. 
As the dielectric constant decreases, the ionic species can precipitate to a solid phase. 





Figure 1.16. Dielectric constant of water as a function of the temperature.[60] 
 
The synthesis of metal oxide particles is described by the two steps mechanism described 
in sol-gel synthesis (Equation 1.8 and 1.9) and as the temperature is increased, the equilibria 
shift to the right, leading to the formation of metal oxide particles. However, even in this simple 
example, several aspects of the reactions are not known. The intermediate phase is hard to char-
acterize as the second reaction often happens quickly after the formation of the hydrated phase. 
Furthermore, as the intermediate phase is often amorphous and nanosized, it is difficult to obtain 
structural information from traditional characterization methods. The mechanisms controlling the 
reactions are thus not well understood. 
The further development of the solvothermal method, led to the establishment of the su-
percritical synthesis for general nanoparticle production, and the method is already used com-
mercially.[61] Here, an aqueous solution of a metal salt is very rapidly brought to temperatures 
above the critical point, and instantaneously, the low dielectric constant will force nanoparticles 
to precipitate. Because all the metal ions present in the precursor will precipitate in numerous 
particle nuclei simultaneously, very small homogenous particles with a narrow size distribution 
can be obtained. In subcritical synthesis, the nucleation does not happen instantaneously, the 
fraction of the precursor that does not immediately precipitate will slowly crystallize around the 
particle nuclei and thus result in particle growth, giving much larger particles with wide size distri-
butions. 
Solvothermal synthesis is usually performed in a reaction vessel called an autoclave, as 
represented in Figure 1.17. The autoclaves are made up of a strong alloy such as steel to with-
stand the pressure developed during the reaction. Generally, highly acidic or basic conditions are 
used so the autoclave contains a Teflon (PTFE, polytetrafluoroethylene) liner, which protects it 
from corrosion and provides a chemically inert vessel for reaction. Solvothermal reactions are 
usually performed in conventional ovens up to a maximum temperature of 250 C, while the pres-
sure is most often autogenously generated. Depending on the degree of autoclave filling, pres-
sures of several hundred bar can be obtained, even at low temperatures. The volume of the 



























autoclave varies from few milliliters for laboratory scale synthesis to thousands of liters for indus-
trial scale material production.  
 
Figure 1.17. Autoclave (acid digestion vessel) image from Parr Instrument Company.[62] 
 
Although batch reactors have proved to be very powerful for material production, there is 
a general interest in developing flow reactors, where material can be continuously synthesized, 
especially for scaling proposes.[63] Flow reactors are especially well suited for supercritical syn-
thesis, where rapid heating rates are required. Figure 1.18 demonstrates the apparatus devel-
oped by Promethean Particles with a flow reactor that allows the continuous synthesis of nano-
particles. 
 
Figure 1.18. Continuous hydrothermal synthesis apparatus from Promethean Particles.[64] 
 
In recent years, much attention has also been given to the improvement of the method with 
new mixing technologies, setups for core-shell nanoparticle synthesis and microwave solvother-
mal synthesis method are also being used in different systems.[65] 




Solvothermal synthesis also have certain disadvantages. Since the reactions are carried 
out in a closed vessel, it is not possible to observe the growth of the crystals, which limits the 
amount of useful information available for understanding the synthesis process. In the recent 
years, remarkable progress has been made in this area through the entry of physical chemists, 
and the modeling as well as the study of kinetics of the solvothermal processes have contributed 
greatly to the understanding of this technique. However, the closed solvothermal system can be 
affected by many factors such as pH, temperature, reagent concentrations, pressure and solvent 
filling levels, meaning that as yet, a full exploration of all the reaction conditions has not been 
made. Exploratory solvothermal synthesis often involves a trial and error approach. 
The solvothermal technique exhibits a great degree of flexibility, which is being rightly ex-
ploited by a large scientific community with diversified interests and has become a most powerful 
tool, in the last decade, for transforming various inorganic compounds and treating raw materials 
for technological applications.[58] The advantages over other growth processes, such as, the use 
of simple equipment, catalyst-free growth, low cost, large area uniform production, environmental 
friendliness, low hazardous and low temperature makes this method attractive for microelectron-
ics and flexible electronics.[23]  
1.3.3. Particle Nucleation and Growth Theory 
In a typical synthesis of inorganic nanocrystals, the precursor compound in bulk solution is de-
composed to generate atoms followed by the precipitation step to form the nanocrystals. An un-
derstanding of the process and parameters controlling the precipitation helps to improve the en-
gineering of the growth of nanocrystals to the desired size and shape. The precipitation process 
consists of a nucleation step followed by a crystal growth stage. The nucleation can be classified 
as homogeneous, heterogeneous or secondary nucleation, depending on the nanoparticle sizes 
discrepancy.[66] In the chemical synthesis, homogeneous nucleation occurs in the absence of a 
solid interface by combining solute molecules to produce nuclei, since the supersaturated solution 
is not energetically stable.  
Seed formation proceeds according to the LaMer model, [67] as shown in Figure 1.19a. 
While the concentration of atoms steadily increases with time, as the precursor is decomposed 
by heating, no nucleation occurs, even above the equilibrium solubility (Cs). Only when the su-
persaturation reaches a certain value above the equilibrium solubility (𝐶𝑚𝑖𝑛
𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛), than the nu-
cleation stage will start, which corresponds to the energy barrier for the formation of nuclei (G*). 
After the initial nucleation, the concentration or supersaturation of the growth species decreases 
until no more nuclei would be formed, whereas the growth will proceed until the concentration of 
growth species reach the equilibrium solubility. Although, growth process cannot occur when 
there is no nucleus. Once nuclei are formed, growth occurs simultaneously. Above the minimum 
concentration, nucleation and growth are inseparable processes; however, these two processes 
proceed at different speeds.[68] 
In the classical nucleation theory, the driving force for spontaneous phase transition is the 
exothermicity of lattice formation (Figure 1.19b).[69] The free Gibbs energy change for the for-
mation of a nucleus (G) is determined by the sum of the volume free energy (Gv) and surface 
free energy (Gs). Assuming spherical nuclei with a radius r, then G can be described as: 




G = 4/3r3Gv + 4r2 (1.10) 
where  is the surface energy per unit area.  
As the nanocrystals are more stable than the solvated precursors, Gv is negative while, 
the introduction of solid-liquid interfaces generally increases the free energy with the increase of 
the surface area of the nuclei. As a result, the evolution of nuclei depends on the competition 
between a decrease in Gv, which favors condensation of solvated precursors into nuclei, and an 
increase in Gs, which destabilizes the nuclei toward solvation in proportion to the crystals’ sur-
face area. From the figure, one can easily see that the newly formed nucleus is stable only when 
its radius exceeds a critical size, r*. A nucleus smaller than r* will dissolve into the solution to 
reduce the overall free energy, whereas a nucleus larger than r * is stable and will continue to 
grow. The critical size and energy are defined by: 
r* = -2( /ΔGv) (1.11) 
ΔG* = 16π /(3ΔGv2) (1.12) 
ΔG* is the energy barrier that a nucleation process must overcome and r* represents the mini-
mum size of a stable spherical nucleus.[68] 
Thermodynamically, the nucleation step can be controlled by modulating GS and Gv as, 
by varying surfactants and temperature (that can change the Gs), by chemical transformation of 
the nuclei material or by changing the reaction environment, such as etching and dissolution of 
the nuclei. Nevertheless, the size and uniformity of the nanoparticles can also be controlled ki-
netically during the nucleation step. If the nucleation occurs at a fast rate, all the nuclei are likely 
to have the same or similar size, since they are formed under the same conditions. In addition, 
all the nuclei will have the same subsequent growth (Figure 1.19c). If the nucleation occurs at a 
slower rate, the nanoparticles will usually became bigger and with variable sizes.[68] 
 
 





Figure 1.19. a) Plot of LaMer model for the generation of atoms, nucleation, and subsequent 
growth of colloidal synthesis;[67] b) Representation of Gibbs free energy variation for nucleation 
as function of the radius of the solid cluster;[70] c) Schematic representation of the influence of 
the nucleation’ kinetics to the final nanoparticles size, in the absence of Ostwald ripening.[71] 
 




Classically, particle growth is described based on differences in surface energy of small 
and large particles. For solid species with a solid-liquid interface, the chemical potential increases 
with decreasing particle size, following the thermodynamic theory presented above. This leads to 
re-dissolution of the smallest, newly formed particles, creating a concentration gradient in the 
solution. Uniformity of the concentration is reestablished by material diffusion towards the larger 
particles, thus leading to particle growth (Figure 1.20). This was first described by Ostwald in 
1901 and the mechanism is therefore known as Ostwald ripening.[72] Since the growth rate is 
dictated by material diffusion between particles, the process is often termed diffusion limited 
growth.  
 
Figure 1.20. Scheme of nanocrystal growth controlled by Ostwald ripening mechanism[73] 
 
The full mathematical treatment of the process was done in 1961 by Lifshitz and Slyozov, 
followed by the work of Wagner and is known as LSW theory. If the diffusion of material to the 
growing particles is faster than the actual reaction of the material with the particle surface, the 
growth is reaction limited.[72] New theories, such as the two-step model, where the first step is 
the formation of a sufficient size cluster of solute molecules and the second step is the reorgani-
zation of such a cluster into an ordered structure, have also been proposed.[70] However, the 
nucleation happening in a solvothermal synthesis is much more complex and the reaction ener-
gies related to hydrolysis and condensation need to be taken into account. The attempts to de-
scribe nucleation in solvothermal synthesis was based on both experiments and theory but it is 
now widely accepted that the nucleation process is highly system dependent and cannot easily 
be generalized. It is expected that with the developments in characterization methods, further 
advanced models regarding nucleation and growth of nanoparticles will appear in the coming 
years. 
 
1.4. Metal Oxides Nanoparticles 
In the field of metal oxides, the discovery of superconductive oxides [74] and oxides with large 
magnetoresistance [75] has raised special attention especially to oxides with transition metals 
(Figure 1.21).[76] Transition metal oxides are also commonly used as catalysts, and in electron-
ics with applications varying from semiconductors, dielectrics and conductive electrodes, which 
suggests the importance of these materials.[77]  Metal oxides benefit from the large electroneg-
ativity of the oxygen to induce strong electron connections with the nearby atoms, which affects 
the chemical properties and surface energy of the materials.[78] At the same time, nanostructured 
metal oxides compared with the bulk materials benefit from the spatial confinement along with 




the large fraction of surface atoms, high surface energy, strong surface adsorption and increased 
surface-to-volume ratio that greatly improves the performance of these materials.[30]  
The range of electronic structures in oxides is quite wide, where transition and post-transi-
tion metal oxides show very interesting properties. Transition metal oxides are characterized by 
a small energy difference between a cation dn and either a dn+1 or dn−1 configurations, which allows 
to quick transformation between the different forms. However, the structure instability and non-
optimality of other parameters can limit the fields of application. Only metal oxides with d0 and d10 
electronic configurations show stable properties. The d0 configuration is found in transition-metal 
oxides, such as, TiO2, V2O5 and WO3, whereas d10 configuration is found in post-transition-metal 
oxides, as In2O3 or SnO2.[79] 
 
Figure 1.21. Transition and post-transition metals groups highlighted in the periodic table.[80] 
 
The deposition of nanostructured metal oxides has been already described by both physi-
cal and chemical methods,[77], [81] and it is believed that all the understanding regarding the 
synthesis, properties and applications of nanoparticles, described previously, can also be ex-
tended to oxide nanoparticles. 
1.4.1. Tungsten trioxide (WO3) 
Tungsten oxide (WOx) is a well-studied semiconductor used for several applications as chromo-
genic material, sensor and catalyst.[82] The major important features is its low cost and availabil-
ity, improved stability, reversible change of conductivity and optical properties, high sensitivity, 
selectivity and biocompatibility.[83] 
The structure of the crystalline material is based on corner-sharing WO6 octahedra, as in 
the amorphous structure, although with more ordered bond lengths and angles. The bonds are 
mainly of ionic character with a significant covalent part, and stoichiometric WO3 can be pictured 
as being composed of W6+ and O2- ions. The valence band is largely composed of O 2p orbitals, 
while the conduction band derives mainly from W 5d orbitals and the Fermi level is positioned in 
the middle of the band gap, as shown in Figure 1.22.[84] 
Amorphous WO3, with the most distorted structure, normally possesses a relatively large 
Eg on the order of ~3.25 eV, whereas monoclinic WO3, in bulk form, has been reported to show a 




typical Eg of ~2.62 eV at room temperature. In nanostructured WO3, the bandgap generally in-
creases with the reduction of the grain size. Experimentally, this is often observed as a blue shift 
of the optical absorption band edge as the nanostructure dimensions are reduced, and it is widely 
accepted that this observed blue shift can be attributed to the quantum confinement effect.[85] 
 
Figure 1.22. Schematic band structure of WO3 (filled states are colored). The energy band gap 
(Eg) vary from 2.6 to 3.2 eV for amorphous and crystalline states, respectively.[85] 
 
The optical properties of WO3 in the visible region are dominated by the absorption thresh-
old, which is defined by the bandgap energy of the material. Therefore, WO3 is essentially trans-
parent to most visible wavelengths with a slightly yellow tint for smaller bandgap samples, which 
absorb part of the blue spectrum. The optical band gap energy (Eg) can be calculated using the 
Tauc’s plot and by applying the equation (1.13): 
h = A(h – Eg)n (1.13) 
where A is a constant, h is the corresponding photon energy,  is the absorption coefficient and 
n depends on the type of the optical transition. For crystalline semiconductors n is ½ or 2 for direct 
or indirect allowed transitions (Figure 1.23), respectively.[86] 
The electrical conductivity of single crystal WO3 ranges from 10 to 10−4 S cm−1 depending 
on the stoichiometry.[87] Additionally, structural factors such as grain size, grain boundary, film 
thickness and phase also have a great influence on the material’s conductivity. For example, it 
has been reported a high carrier concentration (5×1019 cm-3) and electron mobility (6.5 cm2 V−1 s−1) 
for WO3 films synthesized using an elevated substrate temperature during thermal evaporation 
deposition.[88] High substrate temperature tends to detach some oxygen ions under vacuum con-
ditions, allowing more free electrons for conduction. It has also been suggested that by confining 
the free carriers’ movement in well oriented 1D or 2D crystal structures, with smooth boundaries, 
the carrier mobility increases as the scattering effects are reduced. 
 
 





Figure 1.23. Schematic representation of the energy versus the momentum for the valence (VB) 
and conduction bands (CB) of semiconductors and the difference between direct and indirect 
transitions (or band gaps). 
 
Like other metal oxides, WO3 crystal phase transitions can take place during annealing and 
cooling. At room temperature, monoclinic has been reported as the most stable phase (Figure 
1.24a), with a phase transformation to orthorhombic at 330 C, followed of tetragonal phase above 
740 C. [85] The phase transitions have been reported to be partially reversible. In addition to the 
above-mentioned crystal phases, another possible stable phase for WO3 is the hexagonal (h-
WO3) which was originally obtained from the slow dehydration of tungstic acids (Figure 1.24b). 
[89] The phase transition behavior in nanostructured WO3 can be more complex, as it depends 
on the material morphology, which is greatly affected by the nanostructure synthesis process and 
initial precursors. The reduction of size of WO3 crystallites enhances the surface energy of the 
system which decreases melting and sublimation temperatures. Therefore, generally the phase 
transitions occur at lower annealing temperatures when compared to the bulk counterparts.[85] 
 
Figure 1.24. WO3 crystal structures, designed in CrystalMaker software for: a) Monoclinic (m-
WO3) and b) Hexagonal (h-WO3) configurations. 
 




In addition to the transparent oxide WO3, there exists a number of sub-stoichiometric 
phases of the forms WmO3m-1 and WmO3m-2 (m = 1, 2…), all the way down to WO2. Only a partial 
loss of the WO3 oxygen content is needed to affect its electronic band structure and increase its 
conductivity by a large amount. However, the reduction of WO3 is usually accompanied by struc-
tural changes. The sub-stoichiometric phases exhibit different colors, ranging from blue in the 
case of a slight sub-stoichiometry to brownish for WO2. In these cases, the Fermi level is situated 
in the W 5d band.[84] 
The WO3 hydrates (WO3·nH2O) or “tungstic acids” are also an important category as they 
are closely related to WO3. The four most studied structures are the WO3·2H2O (dihydrate); 
WO3·H2O (monohydrate); WO3·0.5H2O (hemihydrate); and WO3·0.33H2O (Figure 1.25) and the 
crystal structures are highly dependent on the water content. In the orthorhombic hydrated poly-
morph (WO3·0.33H2O) some of the octahedra are composed of two terminals, one W=O double 
bond and one W-H2O long bond (WO5(OH2)) which, by one hand, weaken the stacking of the 
layers in the c (or z) direction and by other hand, results in a less compact structure.[90] 
 
Figure 1.25. Crystal structure, designed in CrystalMaker software, for orthorhombic hydrated 
WO3 (ortho-WO3·0.33H2O). 
 
Many different approaches for the synthesis of nanostructured WO3 have been imple-
mented using both vapor and liquid phase based methods,[85] like temperature annealing,[50] 
hot wire chemical vapor deposition,[91] sol-gel,[92] sputtering,[93] precipitation,[94] electrodepo-
sition[95], [96] or hydrothermal methods.[97]–[99] Concerning solution processed synthesis, as it 
is the method used in this thesis, both Pourbaix and solubility diagrams, presented in Figure 1.26, 
are of great importance due to the variability of tungsten oxides structures that are originated 
depending on the experimental conditions. Pourbaix diagram shows that WO2 (s) and W2O5 (s) 
are stable up to pH 7 and pH 5, respectively, in a narrow potential range (approximately -250 to 
100 mV at pH 0 and -450 to -250 mV at pH 5). In contrast, WO3 (s) is stable below pH 2 throughout 
all the oxidizing conditions. The solubility diagram shows that H2WO4 (aq) is stable at relatively 
low metal concentrations in acidic solutions, while WO3 is predominant at higher metal concen-
trations. High metal concentrations favor the formation of polytungtates ([W6O20(OH)]5-, [W12O39]6-
, [W12O41]10-) above pH 2; with increase in the metal concentration, the high pH boundary of the 
polytungstate stability region expands from pH 4 to 8. The solubility diagram also demonstrate 




that under basic conditions the [WO4]2- is the predominant species in solution. Therefore, [WO4]2- 
can be expected as a product of WO3 dissolution as well as active W metal dissolution at high 
pH.[100]  
 
Figure 1.26. a) Pourbaix diagram for W-H2O system at 25 ºC and tungsten molar concentration 
of 10-4 M (dashed lines represent the limits of stability of water), and b) Solubility diagram for a 
fixed potential of Eh = 0.2 V, 25 ºC and 3 M ionic strength.[100]–[102] 
 
The electrochromism is the most studied application of WO3 nanostructures. In fact, in 1815 
Berzelius already reported that WO3 changed color when warmed and in contact with hydrogen 
gas. The stoichiometric material is yellowish to greenish in bulk form and it can be chemically 
reduced to produce a blue compound. Color changes obtained by reacting tungsten oxide with 
sodium were reported in 1824 by Wohler and it is known that Wohler had produced a material 
similar to the one obtainable by ion intercalation in electrochromic crystalline tungsten oxide films 
(sodium tungsten bronze). Electrochemical, rather than purely chemical, reduction of tungsten 
oxide has also been studied extensively for many years. In particular, in 1930 the work by Ko-
bosew and Nekrassow, found that tungsten oxide powders could be colored blue by electrochem-
ical reduction in acidic solution.[86] The coloration reaction occurs upon electrochemical insertion 
of small cations (M) such as H+, Li+, and Na+ and the simultaneous insertion of charge balancing 
electrons (equation 1.14). 
WOx + yM+ + ye-  MyWOx (1.14) 
In the typical electrochromic devices (Figure 1.27), when an electron is injected into the 
material, a cation from the electrolyte will compensate the charge insertion, generating in this way 
a tungsten bronze (MyWOx) which corresponds to the colored state. In the opposite way, when a 
reversible voltage is applied, the inverse process takes place and the film gets to the former state 
in the bleached condition. The fully mechanism is still under discussion and several theories have 
been presented for both amorphous and crystalline phases.[103] The most accepted theory is 
explained by small polaron transitions (formation of W5+ sites) for amorphous films and Drude-




like free electron scattering for crystalline films. The major difference between these two mecha-
nisms, for amorphous and crystalline WOx, is the electron localization or delocalization, respec-
tively.[104]–[106] Figure 1.28 shows some of the applications developed in CENIMAT with WO3 
as electrochromic material.  
 
Figure 1.27. Schematic representation of an electrochromic device, a) before and b) after charge 
appliance (with the cation insertion and color modification of the electrochromic material). 
 
Figure 1.28. Examples of electrochromic applications developed in CENIMAT: a) Electrochromic 
passive matrix in paper, under the project SMART-EC (FP7-ICT-2009.3.9/258203), b) Transpar-
ent electrochromic window, and c) Gas sensor prototype with EC display on paper, under the 
project A3PLE (FP7-NMP-2010-SME/262782-2). 
 
Other common application of WO3 is as photocatalyst. In this field the main goal is to find 
suitable materials for efficient solar hydrogen production and organic pollutant degradation. In 
1969, Fujishima and Honda reported the first photoelectrolysis of water using single-crystal rutile-
structured TiO2 under UV irradiation. Since then, TiO2 and other semiconductor materials, includ-
ing WO3, were intensively explored for their photocatalytic abilities. For passive photocatalytic 
systems (without applying an external potential), which are preferable given today’s energy is-
sues, WO3 nanoparticles are usually mixed with other metal oxides to form an overall comple-
mentary band structure, or doped with materials that can shift the WO3 conduction band to a more 
negative position.[85], [107] 
Precise and affordable monitoring of chemical gases is a critical issue for human health, 
industrial processes and environmental protection. For that, nanostructured WO3, when com-
pared with the bulk material, has been intensively studied as it enhances sensor capabilities, 




reduces power consumption, and produces excellent reproducibility. Many of the enhanced fea-
tures of the nanostructured WO3 sensors are mainly ascribed to the increased surface area and 
complete depletion of carriers within the nanostructure when exposed to the target gas.[85], [108] 
The application of WO3 to other sensing platforms, as in biosensors, are mainly due to the 
electrical and optical properties mentioned above.[109] In fact, it was already demonstrated that 
nanoparticles of metal oxides applied to suitable electrode surfaces allow proteins immobilization 
and biocatalytic processes to be driven electrochemically.[110]  
The pH value can be used as an indicator for disease diagnostics, medical treatment opti-
mization, and monitoring of biochemical and biological processes.[111] Nevertheless, the inte-
gration of pH sensing systems into the next generation of wearable devices requires a different 
architecture than currently used in typical glass-type electrodes with a minimal electrode 
size.[112] Among all oxides being studied (IrOx, RuO2, SnO2, Ta2O5, TiO2, ZnO) WO3 is a very 
promising material.[113]–[118] In fact, the first report of a WO3 based pH sensor was reported in 
1987 by Wrighton et al.,[119] where a microelectrochemical transistor was operating either elec-
trically or chemically by changing the gate voltage or the solution pH, respectively. Nevertheless, 
the use of WO3 with high surface area has mainly been reported as gas sensor and has not been 
fully exploited as pH sensor.[96], [120], [121] The pH sensing mechanism for this material even if 
not fully understood is believed to be dependent of the redox reaction involving the production of 
the tungsten bronze with a higher conductivity than the tungsten oxide (equation 1.14). 
1.4.2.  Multi-Element Oxides 
Mixed-metal oxides (and multi-element oxides) are important materials in the world today. How-
ever, the study of these materials at a nanoscale, its influence on the structural and electronic 
parameters and its chemical reactivity has only been addressed systematically for a small number 
of oxides.[122]  
The distinction between mixed-metal and multi-element oxides is that the first are materials 
in which the nanostructure stabilizes a specific polymorph which is not stable as bulk material, 
and the second are oxides that have the same phase as nanostructures and bulk. The first group 
is typical, but not exclusive, of oxide systems in which the stable bulk polymorph phase has an 
oxygen close-packed structure.[123] In both types, the electronic, magnetic or catalyt properties, 
can be tuned by partial replacement of one element (or oxide) by another, where the crystal struc-
ture remains unchanged over the whole composition range, or by the addition of dopants which 
can introduce favorable properties.[124] So, it is expected that the oxides can be tailored to have 
higher mobility, controlled carrier concentration and, at the same time, a stable chemical and 
physical composition depending on the application envisaged. Mobility is affected by the type of 
overlap that occurs between orbitals and therefore different cation percentages are considered to 
potentially modify it. In this scenario, a promising material for the realization of a mixed-metal 
oxide semiconductor with interesting variability of its electronic properties is the Ga2O3–In2O3–
ZnO (GIZO) ternary oxide. 




1.4.2.1.  Gallium-Indium-Zinc-Oxide (GIZO) 
Amorphous GIZO based thin-film transistors (TFTs) have been intensively studied since it allows 
good performances at low processing, and post processing, temperatures, making possible the 
production of flexible and transparent TFTs.[124], [125] The high performance in the amorphous 
phase is derived from the formation of a conduction band minimum in the spherical s orbitals of 
the post transition metal cations. These spherical s orbitals are significantly larger than O 2p 
orbitals, which form the valence band maximum (Figure 1.29). Even if a distortion of the metal–
oxygen–metal bonds occurs, the large direct overlap between the neighboring metallic s orbitals 
ensures carrier transport. Therefore, crystalline GIZO thin films show quite similar performance 
than the amorphous ones.[124], [126] 
 
Figure 1.29. Schematic band structure of Ga2O3-In2O3-ZnO (filled states are colored). The energy 
band gaps (Eg) are reported for crystalline structures.[127] 
 
The atomic concentration ratio between the composing cations have its own impact on the 
electronic properties of the material, and hence on the final performance of the devices. The idea 
behind this multicomponent concept is the role that each metal oxide has to play within the film. 
In a simplified initial approach, it should be plausible to describe that indium allows for high mo-
bility that is driven by the overlap of its large and spherical 5s orbitals that enhance the cation 
band conduction; gallium has stronger bonds with oxygen than In or Zn, so it can restrain free 
carrier generation; and zinc stabilizes the structure of the film. Therefore, GIZO constitutes one 
of the most promising candidates for having n-type active layers, useful to contribute to the so-
called post silicon electronic era, by playing an important role in transparent electronics processed 
on low-temperature substrates, as required for the emerging field of flexible electronics. Moreo-
ver, these multicomponent oxide films can be deposited by various techniques such as magnetron 
sputtering, pulsed laser deposition, or spin coating.[124] 
Based on previous studies with this material system, indium richer compositions deliver the 
best electrical performance and stability, but the incorporation of gallium in the structure is always 




required in order to properly control the carrier concentration. The 2.9:6:1 and 3.2:5.9:2 film com-
positions presented the most promising electrical properties with high field effect mobility (µFE), 
above 50 cm2 V−1 s−1, low threshold voltage (VTh) and low subthreshold swing (SS), while the 
overall stability of the devices is optimized.[77], [124] 
 
1.5. Motivation and Thesis Outline 
The main motivation of this thesis arrives from the need to better explore all the potentialities of 
metal oxide nanoparticles. In fact, we are now facing with the real development of the “nano” 
world but not all the phenomenon are well explained, or even understood, by the researchers. 
There are a background on the application of these materials in the bulk form but when the size 
is reduced to the nanoscale all the properties are changed and the potentialities are elevated to 
another level. 
So, the first step of this thesis (Chapter 2) is the nanoparticles engineering. For that, we 
chose the solvothermal synthesis as it can be upscale to the industry and it allows a good control 
of the morphology and structure of the nanoparticles by adjusting the different synthesis param-
eters. This chapter reports all the experimental details and the main characterization (X-ray dif-
fraction and scanning electron microscopy images) of the resulting metal oxide nanopowders as 
a contribution for further developments of these materials by other researchers. 
The second part of the thesis, is the application of some of the nanoparticles synthesized 
(WO3 and GIZO) to different electrochemical devices. The deposition techniques were adapted 
in each work to better control the films morphologies depending on the substrate material and on 
the final device apparatus. 
Chapter 3 describes the influence of the morphology and structure of the WO3 nanoparti-
cles for electrochromic (EC) application. In fact, in the last years several researchers are improv-
ing the EC performances (Table 1.1) with metal oxide nanoparticles as the working electrodes. 
The power consumption is reduced and the optical modulation can go up to 92%. Nevertheless, 
future developments of these devices are needed to improve both the stability and life time, with-
out compromising the optical performances. For that, the understanding of the EC mechanism of 
the different types of nanoparticles is a crucial parameter that will help to further design (or engi-
neer) the best possible EC nanoparticles. Furthermore, the WO3 nanoparticles were deposited 
by inkjet printing which is a technique compatible with flexible substrates. 
Chapter 4 and 5 describe the work with WO3 nanoparticles functionalized electrodes for 
sensing applications. The quantum confinement effect in nanoparticles is an important feature 
that allows the application of metal oxides in electrochemical devices that were typically built by 
metals. The great surface atom density associated with the reversible electrochemical reaction 
and high capacitance of WO3, makes these nanoparticles as good candidates for sensing de-
vices. In Chapter 4 the pH sensor was built by electrodeposition of WO3 in flexible substrates and 
the sensing performance was tested in a curve surface with gelatin based electrolyte. In Chapter 
5, the WO3 probes were built by drop casting and the biosensor combines the WO3 nanoparticles 




with cytochrome c nitrite reductase, as the sensitive biological element, to detect nitrite in solution, 
due to the redox reaction to ammonia. 
Table 1.1. Resume of the latest research on nanostructured EC oxides, deposition methods, op-

















WO3 Inkjet printing 60  (±1.2 V)   65.5 [128] 
WO3 Hydrothermal    
synthesis 
66.5  (-0.7, +1 V) 3.6 4.6 126 [99] 
WO3 Hydrothermal    
synthesis 
57  (±2 V) 21 7 120 [129] 
WO3/PANI Hydrothermal    
synthesis 
42  (-0.2, +0.8 V) 0.5 0.8 76 [130] 
WO3 Ultrasonic spray 
deposition 
75  (+2, +4 V vs Li/Li+) 7 6 50 [131] 
WO3 Doctor blade/ UV 21* (-0.1, +0.5 V)    [132] 
WO3-TiO2 Anodic oxidation 77.7  (±1 V) 10 64 46.8 [133] 
WO3 Electrophoretic  
deposition 
70  (-0.8, +1.2 V) 4.1 2.9 70 [134] 
WO3 Electrodeposition 92  (-1.2, +0.4 V) 9 15 51 [95] 
WO3/PEDOT Electroplating 41.3  (±2 V)    [135] 
WO3 Electroplating 62  (±1 V) 7.5 3.9  [136] 
NiO/PANI Hydrothermal    
synthesis 
62  (-0.6, +1.2 V) 0.09 0.12 121.6 [130] 
-Ni(OH)2 Chemical bath   
deposition 
58  (-0.4, +0.8 V)    [137] 
* Due to the paper substrate used in this work, the optical characterization was measured as the difference 
of reflectance between colored and bleached states (Rmax). 
 
In Chapter 6, GIZO nanoparticles are applied as the semiconductor layer in electrolyte-
gated transistors (EGTs). The use of metal oxides in electronics is dated back in 1960’s but the 
evolution is considered to follow Moore’s law.[138] At the present time, microprocessors are built 
with 14 nm (Figure 1.30) and with more than 6 billion transistors therefore, the need for smaller 
and more powerful integrated circuits makes nanomaterials highly significant for the electronics 
field.[1] Moreover, EGT shows great potential in the field of biosensors by adapting the electrolyte 
to a specific application. In this work, the benefits and operation mechanism of EGTs with GIZO 
nanoparticles are discussed. 





Figure 1.30. Evolution of the transistors’ size used in Intel processors during the last decades. 
 
Finally, Chapter 7 describes the main conclusions of all the produced devices and presents 
a list of actions for future work. 
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Chapter 2.  SOLVOTHERMAL SYNTHESIS 








This chapter aims to summarize the final results related with the solvothermal synthesis of several 
metal oxide nanoparticles developed during the thesis. Some of the nanostructures were not fully 
optimized or tested in a specific device, nevertheless, these materials are of great importance for 
several electrochemical device applications, due to the properties related to the nanostructures, 
and that can be adapted in the future. As a resume, WOx is commonly used as electrochromic, 
sensor and catalyst, V2O5 and NiO as electrochromic and capacitor, HfO2 and MnO2 as dielec-
trics, and GIZO and ZTO as semiconductors in thin-film transistors. 
The solvothermal synthesis fundaments were previously exposed in section 1.3.3 and all 
the synthesis were produced using a 23 or 45 mL general purpose acid digestion vessel from 
Parr (Figure 1.17). The X-ray diffraction (XRD) measurements were performed using a PANalyt-
ical's X'Pert PRO MRD diffractometer with CuK radiation and the scanning electron microscopy 
(SEM) images were taken using a Carl Zeiss AURIGA CrossBeam workstation. 
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2.1. Tungsten Oxide (WOx) 
As explained before, the synthesis parameters have a great influence on the structure and mor-
phology of the nanoparticles. In the hydrothermal synthesis of tungsten oxide nanoparticles, the 
parameters studied were the tungsten precursor (peroxopolytungstic acid – PTA and sodium 
tungstate dehydrate – Na2WO4·2H2O), the duration of the synthesis and the pH of the precursor 
solution. According to Pourbaix and solubility diagrams (Figure 1.26), the formation of WO3 is 
only favorable below pH 2 therefore, the synthesis condition were always kept in this condition by 
adjusting the amount of HCl in solution. The other parameters, as the precursor concentration, 
temperature and additives, were kept constant. 
2.1.1. Peroxopolytungstic Acid (PTA) Precursor 
Peroxopolytungstic acid (PTA) was synthesized based on the procedure previously reported.[1] 
Tungsten metal monocrystalline powder (W, Aldrich, 0.6–1 mm, 99.9%) was carefully added to a 
50 ml mixture (1:1) of distilled water (Millipore) and hydrogen peroxide (H2O2, Sigma-Aldrich, 30% 
by weight). Cooling was employed and the solution was kept slowly stirring for 24 h in a refriger-
ator to prevent thermal changes due to the strong exothermic nature of dissolution. The excess 
tungsten powder was then removed by filtration (Roth, 0.45 µm syringe filter) leading to a trans-
parent solution. In order to remove the excess hydrogen peroxide, the solution was dried at 65 
C and washed several times with distilled water. After drying, a water-soluble (WO3.xH2O2.yH2O) 
orange crystal powder (PTA)[2] was obtained as the final product (equation 2.1). 
For the hydrothermal synthesis of WOx, 0.4 g of PTA was dissolved in an acidic aqueous 
solution. The hydrochloric acid (HCl, 37%, Merck) concentration was modified in each experiment 
(0, 0.3 and 3 M). The final solution was transferred to a PTFE chamber, set inside a stainless 
steel autoclave and installed in the oven (L3/11/B170, Nabertherm) at 180 °C for 2, 4 and 6 h 
(equation 2.2). The product of synthesis was collected by centrifugation at 3000 rpm for 2 min 
(F140, Focus instruments) and washed three times with distilled water (Figure 2.1). 
W + nH2O2  WO3·xH2O2·yH2O + 1/2O2 (2.1) 
WO3·xH2O2·yH2O  WO3·nH2O + 1/2O2  WO3 + nH2O  (2.2) 
 
Figure 2.1. Schematic representation of the hydrothermal synthesis process. 
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These results were published in “Nanoscale” journal [3] and it is evident, by analyzing the 
SEM and XRD results (Figure 2.2) that the pH plays a great importance on the morphology and 
structure of the nanocrystals, respectively. At the same time, the variation from 2 to 6 hours of 
synthesis has a small influence on the size of the nanoparticles, where the major difference oc-
curs in the synthesis in water (0 M HCl). In this conditions, there are the formation of two poly-
morphs, m-WO3 nanosheets and ortho-WO3·0.33H2O nanorods. For longer synthesis times, the 
nanorods tend to “disappear” and after 24 h of synthesis only the monoclinic phase is detected 
(results not shown). These results substantiates the formation of the hydrate structure as inter-
mediate, as described in equation 2.2.  
The addition of HCl in the WO3 hydrothermal synthesis, resulted in 2 different structures, 
at lower concentration (0.3 M) the ortho-WO3·0.33H2O nanorods and m-WO3 nanoslabs at higher 
concentration (3 M). 
 
Figure 2.2. a) SEM images and b) XRD diffractograms of the hydrothermal synthesized WOx 
nanopowders, using PTA as precursor with three different synthesis acidities and times. Adapted 
from [3]. 




2.1.2. Sodium Tungstate Precursor (Na2WO4·2H2O) 
The use of the commercial precursor (Na2WO4·2H2O) reduced the number of variables during the 
chemical synthesis of WO3 but as a comparison the same type of experiments were performed 
as with PTA as precursor. For that, 0.4 g of sodium tungstate dehydrate (Na2WO4·2H2O, Fluka, 
99%) was dissolved in 8 g of distilled water with 0.15 g of structure-directing agent, sodium chlo-
ride (NaCl, Panreac, 99.5%) (equation 2.3).[4] The HCl (37%, Merck) concentration was modified 
in each experiment (0.3, 1.5 and 2.7 M). The final solution was transferred to a PTFE chamber, 
set inside a stainless steel autoclave and installed in the oven at 180 °C for 2, 4 and 6 h (equation 
2.4). The product of synthesis was collected by centrifugation at 3000 rpm for 2 min and washed 
three times with distilled water. 
Na2WO4·2H2O + 2HCl + NaCl  H2WO4·2H2O + 3NaCl (2.3) 
H2WO4·nH2O  WO3·nH2O + H2O  WO3 + nH2O (2.4) 
SEM and XRD results, summarized in Figure 2.3, show the influence of pH and time of 
synthesis and, when comparing with Figure 2.2, the effect of the W precursor can also be ob-
served. At higher pH, the grain boundaries of the nanoparticles produced from PTA precursor are 
better defined and, generally, the sizes are bigger. The fact that PTA is already acid can acceler-
ate the formation of the intermediate (WO3·nH2O) and therefore explain the difference in the na-
noparticles’ morphologies for both synthesis approaches. Nevertheless, the two WO3 structures 
(monoclinic and orthorhombic) are produced in both cases. The structure transformation, with the 
increase of protons in solution (lower pH), from orthorhombic hydrated WO3 to monoclinic WO3 
occurs with both precursors, and can be verified in the solubility diagram (Figure 1.26b) exposed 
before. This reaction also supports the establishment of the hydrated structure as an intermediate 
of WO3 synthesis. 
The effect of NaCl as structure-directing agent was not evident, as the structures were not 
uniform or well-defined, especially at higher pH. Similar conclusions were observed for the micro-
wave assisted hydrothermal synthesis of WO3, also produced in our group. [5] Only with a differ-
ent structure-directing agent (sodium sulfate, Na2SO4) and at pH 1.8, it was possible to produce 
the hexagonal structure of WO3 (Figure 2.4a) nanorods. When the solution was kept at pH 0, the 
monoclinic WO3 nanosheets were again formed (Figure 2.4b). It is believed that the sulfate act 
as capping agents covering some facets of WO3 crystal nuclei during particle growth. At pH 1.8 a 
faster growth rate along c axis is observed, yielding to one dimensional rod-like structures. In the 
meantime, a certain amount of sodium cations is required as stabilization ions for the hexagonal 
and triangular tunnels in the formation of h-WO3. 




Figure 2.3. a) SEM images and b) XRD diffractograms of the hydrothermal synthesized WOx 
nanopowders using Na2WO4 as precursor with three different synthesis acidities and times. 
 
Figure 2.4. SEM images of the microwave assisted hydrothermal synthesized WO3 nanopowders 
using Na2WO4 as precursor, Na2SO4 as structure directing agent, for 1 hour, with constant power 
of 100 W and at a) pH 1.8 and b) pH 0. 




2.2. Vanadium Pentoxide (V2O5) 
The nanostructured V2O5 was synthesized from peroxovanadate, by dissolving 0.1, 0.05 and 0.01 
g of V2O5 powder (Super Conductor Materials, Inc., 99.995%) in 20 g of a mixture of water with 
H2O2 (1:1). The formation of a clear yellow solution after 10 min indicates the presence of vana-
dium peroxide in the solution. The equations 2.5, 2.6 and 2.7 are an attempt to describe the 
phase transformations during V2O5 synthesis, based on the work previously reported by Alonso 
et al. [6] The solution was transferred to the PTFE chamber, set inside the autoclave and installed 
in the oven at 180 °C for 3, 24 and 72 h.  
V2O5 + 5H2O2  [VO(O2)2]- + [VO(O2)]+ + O2 + 5H2O (2.5) 
7[VO(O2)2]- + 7[VO(O2)]+ + H2O  [H2V10O28]4- + 4[VO2]+ + 10.5O2  (2.6) 
[H2V10O28]4- + 4[VO2]+  7V2O5·nH2O  (2.7) 
The X-ray diffraction pattern of the xerogels with different precursor concentrations and 
after submitted to the hydrothermal treatment for different times, (Figure 2.5) exhibits in most 
cases a series of (001) peaks typical of some preferred orientation of a layered structure of mon-
oclinic V2O5·nH2O, as represented in Figure 2.6b.[6] This structure was also confirmed by SEM, 
as in Figure 2.6a. The slight variation of the peaks’ angle is associated with the amount of inter-
calated water in the structure and therefore on the distance between the V2O5 layers. 
However, in specific experimental conditions (0.05 g of precursor and 72 h of hydrothermal 
treatment), the orthorhombic structure was also characterized, which corresponds to the phase 
transformation that occurs due to the removal of the interlayer water of the monoclinic structure. 
Only increasing the time and/or temperature of the synthesis a pure phase would probably be 
obtained. 
 
Figure 2.5. XRD diffractograms of the hydrothermal synthesized V2O5 xerogels with three differ-
ent synthesis times and using: a) 0.1 g, b) 0.05 g and c) 0.01 g of V2O5 powder as precursor.  




Figure 2.6. a) SEM image of the hydrothermal synthesized V2O5 xerogel with 0.05 g of precursor 
and for 24 h and b) simulation of the m-V2O5 layered structure, performed in CrystalMaker soft-
ware. 
2.3. Nickel Oxide (NiOx) 
The strategy for the hydrothermal synthesis of NiO was based on two approaches: 1) the sol-gel 
synthesis of Ni(OH)2 precursor and further dehydration to form the oxide structure (equations 2.8 
and 2.9); and 2) the decomposition of nickel acetate in hydrochloric acid (equation 2.10).[7] 
NiSO4·6H2O + 2NaOH  Ni(OH)2 + Na2SO4 + 6H2O  (2.8) 
Ni(OH)2  NiO + H2O  (2.9) 
Ni(CH3COO)2 + HCl + H2O  NiO + 2CH3COOH + HCl (2.10) 
In the first synthesis, 0.37 g of nickel sulfate hexahydrate (NiSO4·6H2O, Panreac, p.a.) was 
dissolved in 10 mL of distilled water with 4 g of NaOH (Pronalab, 98.6%). The solution was kept 
stirring for 1 h and transferred to a PTFE chamber, set inside a stainless steel autoclave and 
installed in an oven at 200 °C for 24 h. 
For the second approach, 0.37 g of nickel acetate tetrahydrate (Ni(CH3COO)2·4H2O, 
Sigma-Aldrich, 99%) was dissolved in 10 mL of distilled water and acidified with 4 drops of 3 M 
HCl (Sigma-Aldrich, 37%). The solution was kept stirring for 1 h at 60 C, aged for 24 h at room 
temperature, transferred to the autoclave and installed in an oven at 200 C for 6 h. 
In both methods the powders were characterized as nickel hydroxide (Ni(OH)2) with hex-
agonal structure and with a vast size dispersion (Figure 2.7). For a better control of the morphol-
ogy of the particles further adjustments on the time and temperature of the hydrothermal synthesis 
are required.  
Since nickel hydroxide has several well-known applications, as electrochromic and capac-
itor, this material should be further characterized before further attempts to convert the powder to 
the oxide phase by annealing at high temperatures.[7] 




Figure 2.7. SEM image and XRD diffractogram of the hydrothermal synthesized hexagonal 
Ni(OH)2 powder from: a) and b) NiSO4, and c) and d) Ni(CH3COO)2 precursors. 
 
2.4. Hafnium Oxide (HfO2) 
The HfO2 nanoparticles were synthesized using 0.32 g of hafnium tetrachloride (HfCl4, Alfa Aesar, 
98%) in 10 mL of distilled water. After, a 0.4 M aqueous solution of NaOH (Pronalab, 98.6%) was 
added dropwise into the aqueous solution of hafnium tetrachloride and allowed to vigorous stir-
ring, which yielded a white color precipitate of hafnium hydroxide (equation 2.11).[8] The disper-
sion was then transferred to a PTFE chamber, set inside a stainless steel autoclave and installed 
in an oven at 180 C for 6 hours. The product of synthesis was collected by centrifugation at 4000 
rpm for 5 min and washed two times with water (equation 2.12). 
HfCl4 + 4NaOH  Hf(OH)4 + 4NaCl (2.11) 
Hf(OH)4  HfO2 + 2H2O (2.12) 
The nanopowder characterization (Figure 2.8) was in conformity with the reported results 
of HfO2 nanoparticles,[8] and the nanoparticles shows a very uniform size distribution, important 
for deposition purposes. 




Figure 2.8. a) SEM image and b) XRD diffractogram of the hydrothermal synthesized monoclinic 
HfO2 nanopowder. 
 
2.5. Manganese Oxide (MnO2) 
In a typical process, 0.19 g of potassium permanganate (KMnO4, Scharlau, 99%) and 0.32 g of 
manganese sulfate hydrate (MnSO4∙H2O, Sigma-Aldrich, 99%) were dissolved in 10 ml of distilled 
water and magnetically stirred to form a homogeneous solution. Then the solution was transferred 
into a PTFE chamber, set in the stainless steel autoclave and maintained at 180 °C for 24 h 
(Equation 2.13). The resulting solid products were centrifuged and rinsed several times with de-
ionized water and absolute ethanol, and finally dried at 100 °C for 8 h. The final black powder 
was collected for characterization.[9] 
2KMnO4 + MnSO4·H2O  3MnO2 + K2SO4 + H2O + O2 (2.13) 
The nanopowder consisted in tetragonal -MnO2 nanowires (Figure 2.9) with approxi-
mately 50 nm of diameter and 2 µm long. The high surface to volume ratio (S:V) of these struc-
tures make this material as a promising candidate for electrochemical applications. 
 
Figure 2.9. a) SEM image and b) XRD diffractogram of the hydrothermal synthesized tetragonal 
-MnO2 nanowires. 
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2.6. Gallium-Indium-Zinc Oxide (GIZO) 
Gallium nitrate hydrate (Ga(NO3)3·xH2O, Sigma-Aldrich, 99.9 %), indium acetate (In(CH3COO)3, 
Sigma-Aldrich, 99.99%) and zinc acetate (Zn(CH3COO)2·2H2O, Sigma-Aldrich, 99.5 %) were dis-
solved in 2-methoxythanol (6 mL, Fluka, 99 %) with a molar ratio of 3:6:2, respectively, and left 
stirring at 50 ºC for 1 h with ethanolamine (0.2 mL, Fluka, 98 %).[10] The final solution was trans-
ferred to a PTFE chamber, set inside a stainless steel autoclave and installed in an oven at 180 
C for 24 hours. The product of synthesis was collected by centrifugation at 4000 rpm for 5 min 
and washed with water. 
2Ga(NO3)3·xH2O + 3H2O  Ga2O3 + 6HNO3 + xH2O (2.14) 
2In(CH3COO)3 + 3H2O  In2O3 + 6CH3COOH (2.15) 
Zn(CH3COO)2 + H2O  ZnO + 2CH3COOH (2.16) 
The X-ray diffraction (XRD) measurements of the as-synthesized GIZO nanopowder, 
shown in Figure 2.10b, is consistent with the reduced-size nanoparticles observed in the magni-
fied SEM image (Figure 2.10a), due to the broad peak at 31.88 °. Nevertheless, the phase de-
termination turned to be inconclusive since the peak could be attributed to the presence of a 
nanocrystalline phase of c-In2O3 or h-InGaZn2O5. So, further annealing at 900 ºC was required to 
distinguish the ternary mixture of oxides (Ga2O3-In2O3-ZnO). 
 
Figure 2.10. a) SEM image and b) XRD diffractograms of the hydrothermal synthesized GIZO 
nanopowder and after annealing at 900 C for 1 h. 
 
2.7. Zinc-Tin Oxide (ZTO) 
The synthesis of ZTO was performed with 0.34 g of zinc chloride (ZnCl2, Merck, 98%) and 0.44 g 
of tin tetrachloride (SnCl4·5H2O, Riedel-deHean 98%) as precursors, dissolved in 10 mL of dis-
tilled water. After, sodium carbonate (Na2CO3, Merck, 99.9%) solution (0.33 g in 5 mL of water) 
was added dropwise to the mixture under magnetic stirring for 15 min and transferred to a PTFE 
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chamber, set inside a stainless steel autoclave and installed in the oven at 180 °C for 48 h (equa-
tion 2.17). The product of synthesis was collected by centrifugation at 4000 rpm for 2 min and 
washed three times with water.[11] 
2ZnCl2 + SnCl4 + 4Na2CO3 + H2O  Zn2SnO4 + 8NaCl + 4CO2 (2.17) 
The powder resulted in a pure phase of cubic Zn2SnO4 nanoparticles (Figure 2.11). The 
influence of precursors and time of synthesis was also analyzed but generally the synthesis led 
to the formation of ZnSn(OH)6 (an intermediate of the reaction) and/or ZnSnO3. These experi-
mental conditions allowed the formation of a pure Zn2SnO4 phase, but with a large size distribu-
tion. 
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This work reports the optimization of tungsten trioxide (WO3) nanoparticles produced via hydro-
thermal synthesis for application in electrochromic (EC) devices. The structure and morphology 
of the nanoparticles are controlled by changing the acidity of the aqueous solvent added to the 
sol-gel precursor (peroxopolytungstic acid) during synthesis. Orthorhombic hydrated WO3 nano-
rods or monoclinic WO3 nanoslabs are obtained when HCl is added, while synthesis only in aque-
ous medium results in a mixture of both types of polymorphs. Dual-phase thin films are processed 
by inkjet printing deposition of the nanoparticles in flexible ITO PET substrate followed by the 
deposition of the precursor solution. When compared with purely amorphous tungsten oxide films, 
the dual phase ones present higher optical densities and improved capacity, and cyclability sta-
bility. The best results, obtained for orthorhombic hydrated nanoparticles (ortho-WO3·0.33H2O) 
are due to its high surface area and improved conductivity. Additionally, the ex situ XRD lithiation 
studies show evidences of a higher distortion of the monoclinic when compared with the ortho-
rhombic crystallographic structure, which contribute to the inferior EC performance. These results 
validates the use of inkjet printing deposition with low processing temperatures for EC dual-phase 
thin films containing optimized nanoparticles which are compatible with low-cost substrates. 
3.2. Introduction 
Tungsten oxide (WOx) is one of the most studied electrochromic (EC) inorganic materials due to 
its multiple oxidation states, high coloration efficiency and good cyclability stability.[1–3] The most 
accepted general reaction that describes the EC mechanism of the WO3 with the associated col-
oration change can be written as:  
WOx (transparent) + yM+ + ye- ↔ MyWOx (blue)  (3.1) 
Where M+ represents a cation such as H+, Li+, K+ and so forth.[4] When an electron is injected 
into the material, a cation from the electrolyte will compensate the charge insertion, generating in 
this way a tungsten bronze (MyWOx) which corresponds to the colored state. In the opposite way, 
when a reversible voltage is applied, the inverse process takes place and the film gets to the 
former state in the bleached condition. The fully mechanism is still under discussion and several 
theories have been presented for both amorphous and crystalline phases.[1] The most accepted 
theory is explained by small polaron transitions (formation of W5+ sites) for amorphous films and 
Drude-like free electron scattering for crystalline films. The major difference between these two 
mechanisms, for amorphous and crystalline WOx, is the electron localization or delocalization, 
respectively.[5–7]  
Recent developments of EC films have been focused on nanostructured materials. The 
advantages compared with the bulk material are not only the spatial confinement but also the 
large fraction of surface atoms, high surface energy, strong surface adsorption and increased 
surface to volume (S:V) ratio.[8–10] Many methods, from physical to chemical processes, have 
been developed to deposit WOx thin films while nanostructured WOx thin films were mainly pro-
duced by temperature annealing,[11] hot wire chemical vapor deposition,[12] sol-gel,[13] sputter-
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ing,[14] precipitation,[15] electrodeposition[16,17] or hydrothermal methods.[18–20] Hydrother-
mal synthesis was chosen in this study to produce the WOx nanoparticles since it presents several 
advantages regarding the better control on the shape and size of the structures, low synthesis 
temperatures and good homogeneity of the nanoparticles, which are important characteristics for 
large scale applications. [19,21] 
Electronic devices processed by printing techniques of solutions became a relevant topic in 
the last decade due the process simplicity and cost effectiveness. [22] So far, organic semicon-
ductors have been a common and obvious choice but the toxicity of some solvents and the need 
of “green” technologies have demanded for alternatives. The authors consider that the usage of 
inorganic semiconductors in water or alcohol based inks can be one possible approach. 
Dual-phase inkjet printed thin films of tungsten oxide (a-WO3/WOx) have been reported earlier 
by our group,[11] nevertheless remained the need to further understand the influence of the struc-
ture and morphology of the nanoparticles in the EC performance of this kind of films. In this study, 
we obtained different WOx nanostructures by hydrothermal synthesis from a sol-gel precursor 
(peroxopolytungstic acid) in aqueous acidified solution. The deposition by inkjet printing of the 
dual-phase thin films directly on flexible ITO PET commercial substrates was processed accord-
ingly in order to increase the proportion of nanoparticles and verify how this determines the EC 
performance of dual-phase films in comparison with the purely amorphous films. 
 
3.3. Results and Discussion 
3.3.1. Nanoparticles Characterization 
The crystallographic structure of the synthesized WO3 nanoparticles was analyzed by XRD. All 
the diffraction peaks observed in Figure 3.1a can be indexed to the reference patterns  from the 
International Centre for Diffraction Data (ICDD), namely orthorhombic hydrated WO3 (ortho-
WO3·0.33H2O) with ICDD No. 01-072-0199 and monoclinic WO3 (m-WO3) with ICDD No. 43-
1035. The influence of the acidity of the solvent was confirmed with the conversion from ortho-
rhombic to monoclinic structure with the increase of proton concentration, which disturbs the PTA 
(WO3·xH2O2·yH2O) equilibrium and alters the kinetics of nucleation and growing of the nanopar-
ticles during hydrothermal synthesis. Even if not fully understood, it is believed that the structure 
of PTA and the amount of the chelating peroxo ligands in the precursor, influences the structure 
of the nanoparticles.[23,24]  At the same time, according to the crystal nucleation and growth 
theory, the supersaturation is the driven force of crystals nucleation and at a lower pH (higher 
concentration of H+), a great number of WO3 nuclei are quickly generated; the supersaturation 
reaches a low level and subsequently the nanoparticles grow at a slow rate.[25] So, depending 
on the supersaturation level, the growth of the nanoparticles can also occur in different directions. 
Other possible explanation, is related with the chloride ion that can act as structure directing agent 
and that indirectly, by the increase of the HCl concentration, will cap some of the facets of the 
crystals thus resulting in a different growth direction of the nanoparticles.[26] 
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The crystallographic structures of both polymorphs are represented in Figure 3.1b. Mono-
clinic structure is composed of WO6 octahedral connected by covalent bonds in every corner, 
forming a stacked layer structure. In the orthorhombic hydrated polymorph some of the octahedral 
are composed of two terminals, one W=O double bond and one W-H2O long bond (WO5(OH2)) 
which, by one hand, weaken the stacking of the layers in the c (or z) direction and by other hand, 
results in a less compact structure that beneficiates the ion intercalation/ deintercalation during 
the EC reaction (Equation 3.1). [18,23] 
 
Figure 3.1. a) XRD diffractograms of the nanopowders synthesized n: (a) H2O; (b) 0.3 M HCl and 
(c) 3 M HCl. Reference diffractograms for ortho-WO3·0.33H2O (ICDD: 01-072-0199) and m-WO3 
(ICDD: 43-1035) have been placed above; b) Graphic representation of the crystallographic struc-
ture of the synthesized polymorphs (m-WO3 and ortho-WO3.0.33H2O) obtained using Crystal 
Maker® software. 
 
The morphology of the nanoparticles was studied by SEM and TEM techniques. The distance 
between the center of 2 successive dots (lattice spacing), which was calculated as an average 
among 10 subsequent dots, is indicated on the corresponding TEM images. The mixture of na-
norods and nanoslabs observed on the SEM images in Figure 3.2a, for the nanopowder synthe-
sized in water, is in accordance with the presence of two polymorphs detected by XRD. The TEM 
images captured at low magnification (not shown here) show similar microstructures as observed 
in SEM. In this nanopowder the lattice was measured in both kind of nanoparticles and a spacing 
of 0.39 nm was determined for the nanorods, corresponding to the (002) plane of ortho-
WO3·0.33H2O. The 0.30 nm lattice spacing determined for the nanoslabs correspond to the (112) 
plane of the m-WO3. 
  Chapter 3 – WO3 as Electrochromic Material 
61 
 
In Figure 3.2b the lattice spacing of 0.38 nm of the nanorods can be attributed to the (002) 
plane of the ortho-WO3.0.33H2O, which is in accordance with the predominant peak observed in 
XRD. Finally, the regular shaped nanoslabs obtained in Figure 3.2c are only observed for the 
synthesis with high proton concentration (3 M HCl). The measured lattice spacing of 0.39 nm 
corresponds to the (002) plane of the m-WO3. 
Energy Dispersive X-ray Spectroscopy (EDS) of all nanoparticles detected, as expected, 
tungsten and oxygen elements (the mapping is also shown in the Figure 3.2) and both elements 
were evenly distributed in the full area of the nanoparticles. 
 
Figure 3.2. SEM images, EDS element distribution and TEM analysis of nanopowders obtained 
via hydrothermal synthesis performed in: a) H2O; b) 0.3 M HCl and c) 3 M HCl. SEM images are 
false colored for a better visualization of the nanostructures. 
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Thermogravimetric (TG) studies were performed on synthesized powders in order to deter-
mine the coordinated water content and confirm the crystallographic structure. TG spectra pre-
sented in Figure 3.3 shows distinct responses for each nanopowder. The total weight loss ob-
served up to 600 C for nanoparticles produced in non-acidified, 0.3 M HCl and 3 M HCl precursor 
was 2.2 wt% (m-WO3 + ortho-WO3·0.33H2O), 4.0 wt% (ortho-WO3·0.33H2O) and 0.4 wt% (m-
WO3), respectively. The weight loss of ortho-WO3·0.33H2O is almost double than the theoretically 
calculated value of 2.58 % for structurally coordinated water. This discrepancy suggests the in-
fluence of physisorbed water on the total weight loss, which can be confirmed by weight loss 
observation even below 100 C, while coordinated water continuously decrease up to 350 ºC.  
The weight loss of 2.2 % observed for the nanoparticles produced in non-acidified media, can be 
attributed to the existence of a mixture with 54 % of ortho-WO3·0.33H2O and 46 % of m-WO3. 
 
Figure 3.3. TG of nanopowders obtained via hydrothermal synthesis performed from in: a) H2O; 
b) 0.3 M HCl and c) 3 M HCl 
 
Brunauer–Emmett–Teller (BET) surface areas are consistent with the S:V ratio of the 
nanostructures verified in the SEM images presented in Figure 3.2  and Table 3.1. This param-
eter is an important indicator since the increase of the S:V ratio means high active surface area 
and high number of reaction sites where redox reaction can occur. [27] The sample with single 
nanorods has the highest active surface area of 37.8 m2 g-1 being four times higher than the 
nanoslabs (8.7 m2 g-1). Worth mentioning that from the analysis of the isotherm plot for the three 
samples it was not detected any microporosity since the resulting isotherms were of type III, typ-
ical of solid materials with no porosity. Surface areas between 2 and 45 m2 g-1 have been reported 
for small m-WO3 nanoparticles synthesized with different organic solvents [28] and of 33.8 m2g-1 
for h-WO3 nanowires. [29]  
Comparing the hydrodynamic diameters of the nanoparticles dispersed in water (calculated 
by DLS) with the nanoparticles length sizes (verified on the SEM images) one can assume that 
the nanoparticles are not physically agglomerated which also validates their usage for inkjet print-
ing deposition. The nozzle of the Canon printer, used in this work, has a diameter of 9 µm and 
even if some authors refer to the need of using nanoparticles with a size ten times smaller than 
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the nozzle diameter, this relationship is not valid for every ink. The percentage of the solid content 
and the stability of the ink (agglomeration) also influences the way the nanoparticles behave dur-
ing deposition. [30] Taking into account that in this work no nozzles were clogged, we can confirm 
that these inks are suitable for inkjet printing deposition. 
 
Table 3.1. Comparison of nanoparticles sizes from SEM images and DLS hydrodynamic diame-










ortho-WO3·0.33H2O + m-WO3 19.8 ± 0.05 116 ± 48; 223 ± 85 192.5 ± 75 6 x 10
-8 
ortho-WO3·0.33H2O 37.8 ± 0.13 187 ± 46 138.0 ± 41 4 x 10
-6 
m-WO3 8.7 ± 0.08 153 ± 68 140.1 ± 60 5 x 10
-7 
 
Another important indicator is the conductivity of the nanopowders, since this affects its elec-
tron transfer ability during the redox reaction. Electrochemical impedance spectroscopy (EIS) was 
performed in cylindrical pellets, made with pressed nanopowders, between two stainless steel 
electrodes, in the range of 1 and 105 Hz. From the impedance modulus (Bode plot) in Figure 3.4a, 
it is clear that ortho-WO3·0.33H2O nanorods have lower impedance values as consequence of 
their hydrate form and high surface area. This effect was already demonstrated in previous stud-
ies and can be explained by the incorporated terminal bonds (W=O and W-H2O) at the structure. 
[31] Nyquist plots, real versus imaginary impedance (Figure 3.4b-d) show a semicircle in the high 
frequency region and a straight line at low frequencies. The equivalent electric circuit represented 
inside Figure 3.4b considers the bulk impedance related to the intrinsic material properties, rep-
resented by the ZARC element (CPE and R in parallel) and the contact impedance due to the 
electrode-sample interface. This last contribution is represented by a constant phase element 
(CPE) in series with the first part of the circuit, similar to an empirical approach also used in the 
work of Orsini et al. [32,33] The good approximation to the experimental results, especially in the 
high frequencies region, makes us conclude that this model is valid for calculating the conductivity 
of these samples. Conductivity was calculated from the resistance (R) fitting obtained by EIS and 
using Equation 3.2: 
𝝈 = l ∕ (𝑹 × A) (3.2) 
The thickness (l) and area (A) of the pellets were also considered for this calculation. In our 
work, the conductivity values (Table 3.1) are lower than the reported in the literature which can 
be due to the lack of an additional conductive layer between the pellet and the electrode or to a 
denser structure of the pellets. [33][34] Nevertheless, we are still able to compare the electron 
transfer ability between the three nanostructures. Due to the structure particularities of the ortho-
WO3·0.33H2O nanorods (mentioned before) the conductivity is higher than the m-WO3 nanoslabs 
by one order of magnitude and by two orders of magnitude when compared with the nanopowder 
consisting in a mixture of the two polymorphs. This last difference is a clear evidence that the 
conductivity is not only influenced by the structure of the nanoparticles but also by its morphology. 




Figure 3.4. a) Impedance plot for the full frequency range. Nyquist plot of WOx nanopowders 
performed at room temperature and their theoretical fit (red line) to a CPE circuit (inset) for: b) m-
WO3 + ortho-WO3.0.33H2O; c) ortho-WO3.0.33H2O; d) m-WO3 
 
The optical properties (Figure 3.5) of the nanopowders’ dispersions in water can be directly 
related with the size and shape of the nanoparticles. The dispersions with ortho-WO3·0.33H2O 
nanorods show an absorption band in the wavelength range between 224 and 290 nm while the 
dispersion with m-WO3 nanoslabs show a weak peak at 415 nm. The intensity of the absorption 
peaks are associated with the active surface area of the nanoparticles, scaling up for higher S:V 
ratios.[26] 
The optical band gap energy (Eg) was calculated using the Tauc’s plot (Figure 3.5b and c) 
and by applying the Equation 3.3: 
h = A(h – Eg)n (3.3) 
Where A is a constant, h is the corresponding photon energy,  is the absorption coefficient 
and n depends on the type of the optical transition. For crystalline semiconductors n is ½ or 2 for 
direct or indirect allowed transitions, respectively. [4] Comparing both plots it was observed a 
better fitting and widest range of data points in Figure 3.5c therefore it was considered direct 
allowed transitions for the calculation of the optical band gap energy. 
The red-shifted bands observed for the m-WO3 dispersion corresponds to a band gap of 1.80 
eV while ortho-WO3.0.33H2O dispersions show a band gap of 3.59 eV and 3.20 eV for the mixture 
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of both polymorphs.  In the literature, it was also reported a similar band gap (1.73 eV) for mono-
clinic structures [35] but produced by high annealing temperatures. Nanoparticles produced by 
arc discharge method or nanostructured films show band gaps above 2.5 eV which are closer to 
the values obtained for ortho-WO3·0.33H2O dispersions. [36–38] The wider band gap results for 
ortho-WO3·0.33H2O are related with the structural distortion in the WO6 octahedral that can lead 
to a displacement of the ions and bond lengths which results in a lowering of the valence band 
(oxygen 2p states) and raising of the conduction band (tungsten 5d state) thus increasing the 
band gap. [35] Nevertheless, the optical band gap energy is not directly related with the conduc-
tivity of the nanopowders since this last parameter depends not only on the electrons and holes 
but also on the movement of the ions. [39] 
 
Figure 3.5. a) UV/Vis absorbance spectra and the correspondent Tauc’s plots corresponding to: 
b) indirect and c) direct transitions of WO3 nanoparticles dispersed in water. 
3.3.2. Thin Film Production 
Dual-phase thin films were produced by inkjet printing on flexible PET ITO commercial substrates. 
The inks were prepared by dispersing the nanostructures with constant stirring and sonication in 
an alcoholic solution with the appropriate viscosity and surface tension, 1.5 - 2 cP and 30 - 40 
dyne cm-1, respectively. Due to the discontinuous nature of the layer formed by the printed nano-
particles the optical modulation was adjusted by printing (also by inkjet) a PTA ink (without nano-
particles) on top of the nanostructures thus creating a dual-phase film of a-WO3/WO3. The pro-
portion of the a-WO3 layer was kept low so that the nanoparticles influence to the EC performance 
was not masked. The choice of this dual-phase structure compromised the optical density of the 
film since for full optimization more layers of a-WO3 should be deposited. As demonstrated in the 
previous work, printed a-WO3 film is not fully continuous [11] nevertheless, we obtained a cover-
age of more than 80 % of the nanostructures. The spatial configuration of the drops was verified 
by SEM for all dual-phase inkjet printed thin films (Figure S 3.1a). The optical band gap energy 
of the as-deposited thin films in ITO PET was determined as 3.90 eV showing an almost negligible 
influence of the nanoparticles to the transparency of the films (Figure S 3.1b and c). This result 
is in accordance with the literature for microwave sol-gel assisted synthesis of WO3 films. [40] At 
the same time, the roughness of the films were also compared. The results varied from 120 nm 
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for the a-WO3 to 70-100 nm for the dual-phase films, which in this work was not significant, as 
verified by the constant optical band gap energy determined for all printed films. 
3.3.3. Electrochromic Characterization 
In-situ transmittance measurements of the thin films described before, were performed in a typical 
three electrodes configuration with lithium based gel electrolyte, platinum wire as counter elec-
trode, Ag/AgCl as reference electrode, and a sweep potential of ±2 V, for 30 s during five cycles 
and at 800 nm wavelength (Figure 3.6). This wavelength corresponds to the highest transmit-
tance modulation registered (Figure S 3.2). The electrolyte was chosen in accordance with the 
previous work, due to its good EC performance and ion mobility. [11,41]  
Coloration and bleaching times, calculated as the time taken to reach 90 % of full optical 
response, were below 5 seconds in all printed films. 
Optical density (ΔOD) was calculated from the transmittance values using Equation 3.4: [4] 
∆𝑶𝑫 = 𝐥𝐨𝐠 (𝑻𝒃𝒍 𝑻𝒄𝒐𝒍)⁄  (3.4) 
Where Tbl and Tcol is the transmittance in the bleached and colored conditions, respectively. 
Comparing with the purely amorphous film (Table 3.2), one observe a notorious improvement 
in OD which is explained by the less compact film and increased active surface area that en-
hances the capability for intercalation (and deintercalation) of the lithium ions and electron injec-
tion (and removal) in dual-phase films. The variation of OD is in accordance with the measured 
conductivities and surfaces areas of the nanopowders and confirms the influence of the structure 
and morphology of the WO3 nanoparticles in the EC performance of inkjet printed WOx dual-
phase films. 
 
Figure 3.6. In situ transmittance measurements at 800 nm applying a potential of ± 2 V for 30 s 
of inkjet dual-phase thin films: a) a-WO3/(m-WO3+ortho-WO3.0.33H2O); b) a-WO3/ortho-
WO3.0.33H2O; c) a-WO3/m-WO3 and d) single a-WO3 thin film. 
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The electrochemistry of the redox reaction of WO3 was studied by cyclic voltammetry (CV) 
analysis (Figure 3.7) using the same potential range (2 to -2 V) and a scan rate of 50 mV/s, after 
2 cycles of stabilization. The coloration occurs when the voltage and current decrease until a 
maximum negative value while the bleaching takes place when voltage and current reach to a 
peak maximum (iox) which then stabilizes in a positive value. The peak area is directly related with 
the charge capacity of the electrodes and when comparing different films it is visible that the a-
WO3 film show a much smaller capacity which is in accordance with the lower values of OD, as 
explained before.  
 
Figure 3.7. Cyclic voltammograms of inkjet printed dual-phase thin films performed in an electro-
chemical cell with platinum wire as counter electrode, Ag/AgCl as reference electrode in lithium 
based gel electrolyte at a scan rate of 50 mV/s. 
 
Since the reduction peak in the cyclic voltammograms is not well defined, the reversibility of 
the reaction was studied by chronocoulometry. The charge inserted and extracted from the film 
was measured while a fixed potential of 2 and -2 V was applied during 30 seconds during three 
cycles. For this set of experiments the Qratio was calculated using the Equation 3.5: [40] 
Qratio = Qdi / Qi (3.5) 
Where Qdi and Qi correspond to the charge deintercalated and intercalated in the electrode 
while the voltage is applied. The results (Table 3.2) of 86/89 % in dual-phase films reflects a 
higher stability when compared with the charge ratio of 71 % for the amorphous film, even if not 
fully reversible. 
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Coloration efficiency (CE) is a typical parameter to compare EC performances of devices. In 
this work the inkjet printing deposition doesn’t provide a fully continuous film and therefore the 
area of the electrode is overestimated. Nevertheless, the CE was calculated using Equation 3.6: 
[4] 
CE = OD / Qi (3.6) 
Where OD is the optical density at 800 nm wavelength and Qi the charge density inserted 
with 2 V during 30 s. The results shown in Table 3.2 summarize the differences between the 
inkjet printed thin films. The fact that the CE is not improved for the dual-phase films with ortho-
WO3·0.33H2O nanoparticles is related with the fact that the active surface area of the nanoparti-
cles are not considered in this calculation. The area used in charge density calculation is the 
physical area of the electrode. Further studies are at this moment being performed in order to 
evaluate the dependence of the electroactive area (that is increased by the presence of the na-
noparticles) in the CE calculations. Despite that, we detected a superior optical modulation and 
reversibility on the EC performance of dual-phase films in comparison with amorphous thin films. 
 
Table 3.2. Optical densities (OD), charge ratio (Qratio) and coloration efficiency (CE) of inkjet 
printed thin films. 
Type OD (10-2) Qratio (%) CE (cm2/ C) 
a-WO3/ ortho-WO3·0.33H2O + m-WO3 6.9 89 1.92 
a-WO3/ ortho-WO3·0.33H2O 9.1 86 3.12 
a-WO3/ m-WO3 7.1 89 4.42 
a-WO3 5.2 71 2.57 
3.3.4. Stability Studies 
Further studies were accomplished in order to evaluate the long term stability of the thin films. 
For that the CV measurements were performed during 1000 CV cycles, with a narrower potential 
range (between 0.5 to -1 V) and a reference electrolyte (0.5 M LiClO4 in PC). The representation 
of the capacity loss in Figure 3.8 drives from the charge difference between the first CV cycle 
and the following cycles. Charge was calculated as the integration of the full area of the cyclic 
voltammogram. The result demonstrates a much lower stability of the a-WO3 thin film in compar-
ison with dual-phase thin films and the differences between these are not significant, as con-
cluded before. All the produced films show a similar behavior of deterioration with a higher rate 
during the first 50 cycles and lower rate, especially after 500 cycles. 




Figure 3.8. Stability of CV measurements of inkjet printed thin films for 1000 cycles for a potential 
range from 0.5 to -1V. Capacity loss represents the charge difference between first and following 
cycles obtained by the integration of the cyclic voltammogram. 
 
To better understand the influence of both polymorphs in the EC performance, it was per-
formed a more detailed observation of the structural modifications occurring in the nanoparticles 
during the redox reaction. Ex-situ XRD (Figure 3.9) of the two WO3 polymorphs, in the coloring 
and bleach states were analyzed by applying an external potential of ±1 V during 1 min, in a 
reference electrolyte (0.5 M LiClO4 in PC). The analysis was performed in the most intense peaks 
of both nanostructures corresponding to the (002) plane of ortho-WO3·0.33H2O and (002), (020), 
(200) planes of m-WO3 nanoparticles. During the experiment it was not verified any deviation on 
the ITO (corresponding to the cubic In2O3 structure) peaks and the diffractograms were measured 
after drying of the electrolyte. In comparison to the as-deposit samples, the small shift of the (002) 
and (200) peaks (in the ortho-WO3·0.33H2O and m-WO3 structures, respectively) towards a lower 
diffraction angle in the colored/ lithiated samples is a direct evidence of an expansion in the plane 
interlayer distance due to the introduction of Li+ between the octahedral layers. [42] Furthermore, 
the m-WO3 show a higher deviation of the (200) plane associated to a decrease of the intensity 
of the (020) peak that can be associated to a phase transformation [43] or to a higher structure 
distortion when compared with the orthorhombic one. Unfortunately, the authors were not able to 
confirm either the hypothesis or even to identify the formation of other tungsten bronzes reported 
in the ICDD database. Furthermore, this distortion is not fully recovered after bleaching which 
confirms the lower capability of these nanoparticles for EC applications. Worth mention that this 
effect was confirmed in different samples (results not shown). Nevertheless, the lower reversibility 
verified on m-WO3 is not reflected in the long CV stability study presented before but this can be 
explained by the site saturation effects that occur in EC films and that affects both types of poly-
morphs. [1] Further studies are under development to better understand the mechanism of the 
EC reaction with WO3 nanoparticles. Even so, this study contributes to the further development 
of printed electrochromic devices in flexible substrates and denotes the importance of the optimi-
zation of the structure and morphology of the nanoparticles to the electrochromic performance of 
the final device. 




Figure 3.9. Ex-situ lithiation study of a) ortho-WO3.033H2O and b) m-WO3 nanoparticles depos-
ited on ITO/glass substrates with 0.5 M LiClO4 in PC electrolyte. 
3.4. Conclusion 
Tungsten oxide nanoparticles were produced by hydrothermal synthesis in aqueous solvent with 
different acidities. SEM and XRD confirmed different crystallographic structures and morpholo-
gies, such as ortho-WO3·0.33H2O nanorods and m-WO3 nanoslabs or a mixture of both poly-
morphs. The absorption band between 224 and 271 nm was found in both samples with ortho-
rhombic nanorods while monoclinic nanoslabs show a small absorption peak at 415 nm. The 
difference of intensities and red-shift on the absorption waves (and optical band gap energies) 
was attributed to the different active surface areas and sizes of the nanoparticles. Impedance 
spectroscopy made possible the determination of conductivity of the nanopowders in form of pel-
lets and the higher value obtained for the ortho-WO3·0.33H2O was justified by the presence of 
adsorbed water in the structure and the terminal bonds of the WO6 octahedral. 
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Inkjet printing was successfully adapted for the deposition of the synthesized WO3 nanopar-
ticles and its electrochromic characterization was compared with amorphous WO3 films. The dual-
phase films with a-WO3/ortho-WO3·0.33H2O show a higher optical density while amorphous a-
WO3 films show the lower ability for lithium intercalation (and deintercalation) as it was already 
predicted due to its compact and denser structure and lower active surface area.  
Electrochemical characterization confirms the improved performance for dual-phase films in 
terms of reversibility and stability of the reaction. Nevertheless, the coloration efficiency equation 
doesn’t consider the different active surface areas of the nanoparticles thus making it difficult to 
compare between the dual-phase films. At the same time, the coloration efficiency was not a 
conclusive parameter in this study since it depends on the charge capacity results. Ex-situ XRD 
performed in the nanoparticles films shows a higher deformation of the monoclinic crystal struc-
ture during lithiation with a not fully reversible process. 
To conclude, all the presented results prove the benefit of using dual-phase structures when 
building electrochromic devices and of using inkjet printing for low temperature processing de-
vices, compatible with low cost and flexible substrates. 
3.5. Experimental Section 
Hydrothermal synthesis of nanostructured WOX 
For the hydrothermal synthesis of nanocrystalline WOx powders, 0.4 g of peroxopolytungstic acid 
(PTA), synthesis procedure described elsewhere [11], was dissolved in an acidic aqueous solu-
tion. The HCl (37%, Merck) concentration was modified in each experiment (0, 0.3 and 3 M). The 
final solution was transferred to a 23 mL PTFE chamber, set inside a stainless steel autoclave 
(4745 general purpose vessel, Parr) and installed in the oven (L3/11/B170, Nabertherm) at 180 
C for 6 hours. The product of synthesis was collected by centrifugation at 3000 rpm for 2 min 
(F140, Focus instruments) and washed three times with water.  
Thin film deposition 
The deposition of dual-phase a-WO3/WOX films were performed in two separated printing steps. 
Firstly, nanostructured WOX was dispersed in an alcoholic solvent (ethanol: water 1:1) with a 
weight fraction of 0.03 %, followed by ultrasonic treatment (UP400S, Hielscher) and filtering 
(Roth, 0.45 μm syringe filter). The inks composition result in viscosity and surface tension values 
of 1.5 – 2 cP and 30 – 40 dyne cm-1, respectively, acceptable for conventional office printer. 
Several layers (1 cm2 in area) were repeatedly printed (20-80 passes) using conventional desktop 
printer (Canon PIXMA IP4850) in regular intervals of around 1 minute while being exposed to a 
relative humidity of 50%, at 28 ºC on ITO PET substrates (Sigma-Aldrich, 1000 Å of ITO, 60 / 
sq, T > 75% at 550nm). Variable numbers of layers, dependent on the solid content, were ad-
justed in order to obtain a uniform coverage. All films were dried at room temperature for several 
hours. Secondly, a PTA solution (8% w/w) was prepared in the same solvent. The solution was 
stirred for 15 minutes, 150 rpm at 60 C and filtered (Roth, 0.4 μm syringe filter). An individual 
layer (1 cm2 in area) was printed under equal environmental conditions on top of the previously 
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deposited nanoparticles. All films were dried at room temperature for 24 hours and annealed in 
air at 120 C (EHRET, TK4067, Germany) for 1 hour.  
Characterization 
Morphological and structural characterization of WOX was performed by Scanning Electron Mi-
croscopy (SEM) with X-ray microanalysis (Auriga SEM-FIB, Zeiss) and XRD (XPert PRO, PAN-
alytical). Thermogravimetric (TG) experiments were accomplished directly with the powder in air 
with a heating ramp of 5 C/min starting from RT up to 600 C (STA 449 F3 Jupiter, Netzsch). 
The specific surface area was calculated using the Brunauer–Emmett–Teller (BET) method 
based on the nitrogen adsorption isotherm obtained at 77 K in a constant volume adsorption 
apparatus (ASAP 2010 V1.01B Micromeritics). Hydrodynamic diameter of the WOx dispersions 
in alcoholic medium was confirmed by Dynamic Light Scattering (DLS) technique (W130i Avid 
Nano). UV-visible spectroscopy of WOx dispersed in water was measured using the same nano-
particles content (T90+, PG Instruments) while thin films were measured in reference with PET 
ITO (UV/ VIS 3101 PC, Shimadzu). Electrochemical impedance spectroscopy (EIS) was per-
formed in a potentiostat (600TM Gamry Instruments) with WOx powders in a form of pellets made 
at a pressure of 8 tons, with a diameter of approximately 1 cm and a thickness of 1-3 mm. The 
electrochemical cell consisted in two stainless steel electrodes in each side of the pellet com-
pacted in a homemade cell. Optical measurements of printed dual-phase films were performed in 
situ using a spectrometer set-up consist of HR4000 High-Resolution Spectrometer (Ocean Op-
tics), Halogen Light Source HL-2000-FHSA (Mikropack) in range of 450-850 nm. The electro-
chemical cell consisting of working electrode (dual-phase EC film), platinum wire used as counter 
electrode and reference electrode of Ag/AgCl was filled with lithium based gel electrolyte prepared 
according to the recipe described elsewhere. [41] Resulting cell was driven by High Current 
Source Measure Unit (KEITHLEY 238) in order to induce electrochromic action in square wave 
(2 V, 30 s per pulse). Spectra were recorded in reference to the uncoated substrate under equal 
conditions. The thickness and roughness of the inkjet printed films were measured with a Pro-
filometer (AMBIOS XP-200, USA) in ITO glass substrates following the same experimental pro-
cedure as described for ITO PET. Electrochemical measurements (600TM Gamry Instruments) 
of printed films were performed in a typical three cell configuration with the same conditions pre-
viously described. In the ex-situ XRD studies the nanoparticles were deposited by doctor blade 
technique in order to improve the diffractograms intensities and increase the statistic results. The 
lithiation (and delithiation) of the films was performed in a 0.5 M LiClO4 in PC electrolyte with a 
sweep potential of 1 V during 1 min. 
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3.8. Supporting Information 
Inkjet printed films characterization 
The pattern of the inkjet printed films registered in Figure S 3.1a is due to the precursor layer 
(dark grey pattern) deposition. The same pattern was verified in all dual-phase films. The cover-
age of more than 80 % of the nanoparticles was assured with this method. The transmittance of 
the printed films was measured between 300 and 800 nm wavelength (Figure S 3.1b) which 
allowed the calculation of the optical band gap energy of the printed films (Figure S 3.1c). The 
constant and high values before and after deposition of the precursor layer reveals the full trans-
parency of the films and the good homogeneity between the different dual-phase films.  




Figure S 3.1. a) SEM image of inkjet printed a-WO3/ortho-WO3.0.33H2O (detail of the pat-
tern formed by the a-WO3 layer), b) Transmittance plots and c) Tauc’s plots for all inkjet printed 
thin films. 
 
UV-vis spectroscopy of inkjet printed films during EC performance 
The transmittance plots (Figure S 3.2) in the visible region of the printed films were performed 
after applying a fixed potential (±2 V) during 60 s. The maximum optical modulation was verified 
at 800 nm wavelength. Worth mention that the optical modulation of the printed films was not 
optimized with the purpose of studying the influence of the nanoparticles in the dual-phase films 
and therefore maintaining a low amount of the amorphous part. 
 
Figure S 3.2 Transmittance plots for all inkjet printed thin films in colored (2 V) and bleached (-2 
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nato, Electrodeposition of WO3 nanoparticles for sensing applications, In Electroplating of 
Nanostructures, Aliofkhazraei, M., Ed.; InTech, 2015 - Accepted.” 
  




The pH is a vital physiological parameter that can be used on disease diagnosis and treatment 
as well as on monitoring other biological processes. Metal/ metal oxide based pH sensors have 
several advantages regarding their reliability, miniaturization and cost-effectiveness, which are 
critical characteristics for in vivo applications. In this work, WO3 nanoparticles were electrodepos-
ited on flexible substrates over metal electrodes with a sensing area of 1 mm2. These sensors 
show a sensitivity of -56.7 ± 1.3 mV/pH, in a pH range of 9 to 5. A proof of concept is also demon-
strated using a flexible reference electrode in solid electrolyte with a curved surface. A good bal-
ance between the performance parameters (sensitivity), the production costs and simplicity of the 
sensors was accomplished, as required for wearable biomedical devices. 
4.2. Introduction 
Cost-effective, flexible, lightweight, easy-to-fabricate and biocompatible wearable biomedical de-
vices have recently attracted the focus of many research groups. The application of these devices 
is of extreme importance both in early diagnosis through continuous monitoring of complex health 
conditions and in patients under treatment.[1,2] 
The pH value can be used as an indicator for disease diagnostics, medical treatments opti-
mization and monitoring of biochemical and biological processes.[3] Nevertheless, the integration 
of pH sensing systems into the next generation of wearable devices requires a different architec-
ture than currently used in typical glass-type electrodes and a minimal electrode size.[4] Flexible 
pH sensors have already been reported on paper substrates, silicon nitride membranes and pol-
yimide substrates however, full conformation with non-planar surfaces, mechanical strain re-
sistance and miniaturization are still challenges to overcome.[5–7] 
Ion sensitive field-effect transistors (ISFET), optical fiber, hydrogel films and solid state pH 
sensors have been widely studied and reported for pH sensing.[8–13] Nevertheless, the power 
consumption, architecture and cost of the sensors are a drawback. Metal oxide based sensing 
electrodes present several advantages due to their low manufacture costs, compatibility with min-
iaturization processes, high sensitivity and abundancy.[14,15] Moreover, pH sensing can be 
achieved through a potentiometric method that is one of the most common, simple and portable 
electrochemical techniques.[16] 
Amongst the oxide materials being studied (IrOx, RuO2, SnO2, Ta2O5, TiO2, ZnO), [6,7,12,17–
19] tungsten oxide (WO3) is a very promising material regarding its low cost and availability, im-
proved stability, good morphological and structural control of the synthesized nanostructures, re-
versible change of conductivity, high sensitivity, selectivity and biocompatibility. [20] Furthermore, 
WO3 is a well-studied wide band gap semiconductor ( 2.75 eV.) used for several applications as 
chromogenic material, sensing material and catalyst.[21] 
The first report of a WO3 based pH sensor was published in 1987 by Wrighton et al.,[22] 
where a microelectrochemical transistor was operating either electrically or chemically by chang-
ing the gate voltage or the pH of the solution, respectively (Figure 4.1). Nevertheless, the use of 
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WO3 with high surface area was mainly reported for gas sensor applications and has not been 
fully exploited as pH sensing layer.[23,24] 
 
 
Figure 4.1. Simplified schematics of the first pH device using a WO3 sensing layer. The device 
turns ON (ID > 0) and OFF (ID = 0) depending on the oxidized (insulating) or reduced (conductive) 
states of WO3, respectively. Similar effect is observed by varying the pH (adapted from the work 
published by Wrighton et al.[22]). 
 
In this work, WO3 based pH sensors with a reduced sensing area of 1 mm2 were produced 
by electrodeposition of the nanoparticles previously grown by hydrothermal synthesis. This 
method allowed the production of a thin WO3 layer with improved surface area and showed good 
sensitivity and stable response in a pH range between 9 and 5, which is in accordance with most 
physiological fluids.  
For the first time (to the authors’ knowledge), wax printing was used to produce the insulator 
layer in the pH sensors. This material is compatible with solution techniques and therefore is a 
good alternative for the conventional materials (polymers, photoresist or oxides) that usually re-
quire an additional step of patterning and/or are deposited by physical and expensive routes. 
The polyimide substrate allows a good conformation of the electrodes to curved surfaces thus 
making these suitable for applications in wearable biomedical devices.  
4.3. Experimental Section 
Hydrothermal synthesis of nanostructured WO3 
The chemicals used were of analytical grade without further purification. For the hydrothermal 
synthesis of WO3 nanoparticles, 0.4 g of Na2WO4.2H2O (Fluka, 99 %) were first dissolved in 8 g 
of deionized water with 0.15 g of NaCl (Panreac, 99.5 %) as structure directing agent[25] and 
then acidified with 1 g of 6 M HCl solution (Fluka, 37 %). The final solution was transferred to a 
23 ml PTFE chamber, set inside a stainless steel autoclave (4745 general purpose vessel, Parr) 
and installed in an oven (L3/11/B170, Nabertherm). The synthesis conditions were set at 180 C 
for 1 hour followed by a cooling period to room temperature inside the oven. The synthesis prod-
uct was collected by centrifugation at 3000 rpm for 2 min (F140, Focus instruments) and washed 
three times with water. The final powder was finally dried in the oven (TK4067, EHRET) at 60 ºC 






































Morphological and structural characterization of the powder was performed by Scanning Electron 
Microscopy (SEM, Auriga SEM-FIB, Zeiss), X-Ray Diffraction (XRD, XPert PRO, PANalytical) 
and Fourier Transform Infrared Spectroscopy (FTIR, Nicolet 6700, Thermo Electron Corporation). 
The nitrogen adsorption isotherm was obtained at 77 K in adsorption apparatus (ASAP 2010 
Micromeritics) and the samples were degasified at 150 ºC overnight. Hydrodynamic diameter of 
the WO3 nanoparticles in water was confirmed by Dynamic Light Scattering (DLS) technique 
(W130i Avid Nano). 
Sensor fabrication 
The fabrication of the sensor was executed in several steps as illustrated in Figure 4.2a. The 
polyimide film (50 µm thickness, DuPont) was cleaned by sonication (Bandelin Sonorex) in etha-
nol and isopropanol for 5 min and then dried under nitrogen flow before use. The mask used for 
patterning the electrode was made in acetate foil and defined with a laser cutter (Universal Laser 
System ULS3.50). A thin titanium layer (6 nm) was first deposited in order to improve adhesion 
of the 65 nm gold layer. The delimitation of the sensing area (1 mm2) was achieved by a wax 
printed layer (Xerox ColorQube 8570DNPS) on top of the connection line, which also worked as 
an insulator layer. The electrodeposition of WO3 (Figure S 4.1 from supporting information) was 
performed using a Gamry Instruments Reference 600 potentiostat/galvanostat in a constant cur-
rent mode (20 µA) for 900 s in a three electrode configuration. An Ag/AgCl reference electrode, 
a platinum wire counter electrode and a gold layer, acting as the working electrode, were used to 
define the sensing layer of the pH sensor. A stable WO3 nanoparticle dispersion in water (1 
mg/mL) was achieved after magnetically stirring for 45 min and sonication (HIELSHER M80) for 
5 min, followed by filtration (Sartorius, 0.45 µm pore diameter). After WO3 nanoparticles deposi-
tion, the electrodes were rinsed with deionized water and dried for one hour at 50 °C. The dimen-
sions and macroscopic aspect of the final sensor are shown in Figure 4.2b-c. After deposition 
the homogeneity of the WO3 sensing layer was confirmed by SEM analysis. For the Focused Ion 
Beam (FIB) experiments, the WO3 nanoparticles were previously coated with a carbon sacrificial 
layer, Ga+ ions were accelerated to 30 kV at 2 pA and the etching depth was kept around 200 
nm. The adhesion of the nanoparticles was checked by dipping the electrode in phosphate buffer 
solution (PBS, 5 mM, pH 7) at 37 ºC for 8 days and measuring the amount of nanoparticles re-
leased into the solution by UV/Vis spectroscopy (Spectro-115U, Gamry Instruments). A previous 
calibration was performed with WO3 dispersions in PBS with different concentrations. After this 
test the sensor was again analyzed by SEM. 




Figure 4.2. Scheme of the: a) sensor production procedure, b) sensor design and structure and 
c) photograph of the final fabricated sensor. 
 
Sensor cytocompatibility 
Cytocompatibility of the sensor was evaluated according to the International Standard (ISO 
10993-5) using the extract method. Three combinations of the materials used in the sensor pro-
duction were tested: 1) polyimide substrate with gold electrode; 2) polyimide, gold and wax layer; 
3) the whole sensor (polyimide, gold, wax and WO3). For each material combination, three spec-
imens were cut in small pieces and put inside a centrifuge tube. Three milliliters of complete 
culture medium (DMEM supplemented with 10 % FBS and 1 % penicillin-streptomycin, all from 
Invitrogen) were added to each tube. The tubes were placed inside an incubator at 37 °C for 48 
hours. All procedures involving the manipulation of cells or culture medium were performed under 
aseptic conditions inside a biological safety cabinet (ESCO Labculture II). Vero cells were seeded 
at a density of 5 k cells per well in a 96 well microplate (Sarstedt) and were incubated at 37 °C in 
a 5 % CO2 humidified atmosphere incubator (Sanyo MCO19-AIC-UV). After 24 hours, the medium 
was removed and 100 µL of conditioned medium was added to each well. Four replicas were 
prepared for each material and time point. Adequate controls – a positive control where 10 µL of 
DMSO was added to each well and a negative control - were also prepared. After 24, 48 and 72 
hours of incubation of the cells with the extracts, 10 µL of the cell viability indicator resazurin (0.25 
mg/mL in PBS, Alfa Aesar) was added to each well and the cells were incubated two more hours 
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in the CO2 incubator. Absorbance of the medium was measured at 570 nm with a reference 
wavelength of 600 nm (Biotex ELX 800UV microplate reader). The absorbance of no cell control 
wells, containing only complete medium and the resazurin solution was also measured. The rel-
ative cell viability was calculated from the ratio of absorbances measured for the experimental 
wells and the negative control wells. 
pH sensor characterization 
The electrochemical characterization was performed in a typical three electrodes cell configura-
tion as described above. Electrochemical impedance spectroscopy (EIS) measurements were 
recorded in a frequency range of 1 to 106 Hz with an AC voltage of 10 mV. The pH sensitivity of 
the sensors was assessed by measuring the open circuit voltage variation when the sensors were 
immersed in commercial buffer solutions with a pH in the range of 5 to 9 (buffer solutions, Roth) 
for 120 s at room temperature. 
Proof of concept 
For the proof of concept a flexible Ag/AgCl reference electrode was built using the same dimen-
sions already described for the pH sensor. Thin layers of chromium (7 nm), platinum (3 nm) and 
silver (30 nm) were sequentially deposited by electron-beam evaporation (procedure based on 
the work of Huang et al.[6]). The AgCl layer was formed by anodization of the silver film applying 
a constant current at 0.5 mA in 0.1 M HCl for 5 s. The electrode was rinsed with water and satu-
rated in 3 M KCl solution before use. The characterization of the electrode was performed by EIS 
in PBS. See supporting information, Figure S 4.2. The solid electrolyte was prepared by dissolv-
ing gelatin (mass fraction of 8 %) in commercial pH buffer solutions from Roth (pH 8, 7 and 6) at 
50 ºC. After complete dissolution, the solution was transferred to a recipient and cooled down in 
order to achieve the required curved conformation. The electrochemical measurements shown in 
the proof of concept section were obtained using the pH sensor as working electrode and the 
flexible Ag/AgCl reference electrode, both in contact with the solid electrolyte. 
4.4. Results and Discussion 
4.4.1. WO3 Nanoparticles Characterization 
Hydrothermal synthesis was the method chosen to prepare the nanoparticles due its low process 
temperature, easy control of the morphology and structure of the nanoparticles and good repro-
ducibility. In this work, WO3 nanoparticles were obtained from a commercial precursor (sodium 
tungstate) with a structure directing agent (sodium chloride) that promotes uniformity of the na-
noparticles size and shape thus improving the reliability of the sensing layer.  
The morphology of the synthesized WO3 nanoparticles was observed by SEM (Figure 4.3). 
The size of the nanoparticles was estimated to be approximately 10 nm, resulting in nanoslab-
type shape agglomerates. The mean hydrodynamic diameter of 75 nm determined by DLS for 
the nanoparticles dispersion in water is in accordance with the agglomerates sizes observed by 
SEM. 




Figure 4.3. SEM image of WO3 nanoparticles. The inset shows a higher magnification of the 
nanoparticles exhibiting nanoslabs-type shape agglomerates. 
 
The WO3 crystalline structure was verified by XRD (Figure 4.4a). The diffraction peaks are 
attributed to orthorhombic hydrated tungsten oxide (ortho-WO3·0.33H2O), according to the refer-
ence pattern ICDD 01-072-0199, with a mixture of a secondary product (*) not yet identified. In 
the literature, [26] the particular peak at 10º was also found in WO3 films deposited at low tem-
peratures thus suggesting that the corresponding structure derives from the slow growing of the 
nanoparticles clusters. This is corroborated by the presence of broad peaks characteristic of small 
crystallite sizes and by energy dispersive spectroscopy (EDS) which indicated the presence of 
only W and O elements in the sample (result not shown here), confirming that the non-identified 
peaks do not arrise from any impurity. 
Tungsten oxides follow a well-known[27] ReO3-type structure built up of layers containing 
distorted corner-shared WO6 octahedra. The obtained ortho-WO3·0.33H2O structure (repre-
sented in Figure 4.4b) includes two types of octahedra: one is formed by W-O covalent bonds 
and the other by two types of terminal bonds (W=O and W-OH). This structure will restrict the 
stacking along the z axis due to the weak interaction between adjacent layers thus preventing 
bulk type structures. The recorded FTIR spectra (Figure 4.4c) allowed the identification of both 
terminal groups and vibrations in WO6 octahedron, which are in accordance to the state of the 
art. [28,29] The broad absorption band at 3485 cm-1 (-OH stretching) and sharp band at 1605 cm-
1 (-OH in plane bending) indicates the presence of water molecules in the structure. The broad 
band between 570 cm-1 and 970 cm-1 has been ascribed to the O-W-O stretching and bending 
modes and stretching of the W=O double bond. 
The surface area characterization was performed employing the Brunauer-Emmet-Teller 
(BET) method and the resulting nitrogen adsorption-desorption isotherm (Figure 4.4d) demon-
strates a typical type IV behavior indicative of the presence of mesopores. The pore size distribu-
tion is mainly attributed to narrow mesopores in the range of 10 nm with some micropores <2 nm. 
The hysteresis shape (H1 type) also suggests the presence of rigid agglomerates of uniform size 
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with a narrow pore size distribution. This result confirms the previously described SEM images 
where the porosity is due to the agglomeration of small nanoparticles. The resulting active surface 
area (74 m2/g) gives a good approximation of the real surface area of nanoparticles and is in 
accordance with previous studies. [30,31] 
 
Figure 4.4. a) XRD diffractograms of WO3 synthesized powder and orthorhombic WO3·0.33H2O 
reference pattern (the * peaks correspond to unidentified structure); b) Crystal structure simula-
tion of orthorhombic WO3·0.33H2O (produced in crystal maker software); c) FTIR spectrum and 
d) Nitrogen adsorption-desorption isotherms of WO3 nanoparticles performed at standard tem-
perature and pressure (STP). 
 
From all the characterization results, we can conclude that the synthesized WO3 powder is 
formed by agglomerates of small nanoparticles with a mesoporous structure. The reduced nano-
particle size is an important feature for the enhancement of the sensor performance since it in-
creases the surface area.[32] 
4.4.2. Sensor Assembly 
The pH sensor was produced using the sequence previously shown in Figure 4.2. First, the gold 
layer was deposited by e-beam evaporation on a polyimide substrate. Then the sensing area was 
delimited by wax printing and finally, WO3 nanoparticles were electrodeposited applying a fixed 
current method. All the materials used in the sensor production (polyimide, gold and WO3) have 
already been proven to be biocompatible and adequate for biomedical devices. Nonetheless, the 
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wax and the whole sensor cytocompatibility were tested in a conventional procedure, as explained 
below. 
4.4.3. Wax Cytocompatibility 
Resazurin is a redox dye, blue and nonfluorescent, that is reduced to resorufin, pink and fluores-
cent, by viable metabolically active cells. The rate of dye reduction is directly proportional to the 
number of viable cells present. Resorufin has an absorption maximum at 570 nm while resazurin 
peak absorption is at 600 nm. The results summarized in Table 4.1 show the relative cell viabili-
ties obtained for the three material combinations, positive and negative controls. The relative cell 
viabilities are consistently above 90% for all experimental conditions and time points. We can 
conclude that none of the materials tested is cytotoxic, in particular the printed wax is not cytotoxic 
and can therefore be used as an insulator. 
 
Table 4.1. Relative cell viabilities after 24, 48 and 72 hours of incubation of the cells with condi-
tioned media. 
Sample 24 h 48 h 72 h 
Polyimide/Au 0.98 ± 0.04 1.00 ± 0.03 1.10 ± 0.05 
Polyimide/Au/Wax 0.96 ± 0.03 1.00 ± 0.02 1.15 ± 0.08 
Polyimide/Au/Wax/WO3 1.01 ± 0.03 1.03 ± 0.02 1.20 ± 0.07 
Negative control 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.05 
Positive control 0.03 ± 0.02 0.013 ± 0.002 0.012 ± 0.011 
4.4.4. Sensing Layer 
The electrodeposited WO3 nanoparticles resulted in a uniform sensing layer with some small ag-
glomerates, observed by SEM (Figure 4.5a). This image shows that even if the nanoparticles are 
agglomerated in nanoslabs in solution, after electrodeposition they can dissociate and produce a 
high quality thin layer with enhanced specific surface area. Milling with FIB (Figure 4.5b) allowed 
the determination of the sensing layer thickness in which is 55 nm. 




Figure 4.5. SEM images of: a) Sensing area after WO3·0.33H2O nanoparticles electrodeposition; 
b) Cross-section overview of Ti/Au, electrodeposited WO3 nanoparticles and carbon sacrificial 
layers after FIB milling (The image was colored for better understanding of the layered structure). 
 
The effective adhesion of the nanoparticles was tested by immersing the sensors in PBS 
solution at 37 ºC for 8 days and measuring the UV/Vis spectra of the solution during this period. 
The transmittance was compared with the calibration curve obtained for different dispersions of 
WO3 nanoparticles in PBS at 280 nm (Figure 4.6). After eight days, the morphology of the sensing 
area was analyzed by SEM (image not shown) and no significant change was noticed. The slight 
decrease in transmittance after the sixth day corresponds to a WO3 mass fraction of 0.002 % 
which represents a negligible deterioration of the sensing layer. Therefore we can confirm a good 
adhesion of the nanoparticles after immersion for one week in PBS at 37 ºC. 




Figure 4.6. a) Calibration curve of transmittance values at 280 nm wavelength for WO3 disper-
sions of different concentrations and b) Transmittance of the PBS solution after dipping the WO3 
sensor at 37 ºC for 8 days. 
4.4.5. WO3 Sensing Layer Electrochemical Characterization 
The impedance modulus and phase angle of the electrode was analyzed before and after depo-
sition of the WO3 nanoparticles to evaluate the contribution of the coating to the overall charge 
transport characteristics at the electrode/solution interface (Figure 4.7). Both electrodes exhibit 
similar high-frequency impedance (104–106 Hz) and a near-resistive phase angle (approaching 
0°) which is mainly determined by the contribution of the solution. [4] Nonetheless, the frequency 
range over which the phase value is near 0° increased by coating the electrode with WO3 nano-
particles. 
In the low-frequency range, the frequency dependent impedance and the phase angle near -
90° indicates that the current flow is dominated by capacitive charging. The decrease of about 
one order of magnitude in the impedance after deposition of the nanoparticles is due to the in-
crease of the electrochemical surface area and it clearly confirms that the deposited WO3 layer 
will improve the sensitivity of the produced pH sensor.[4,33] 




Figure 4.7. Impedance modulus (solid lines) and phase angle (dashed lines) plots of the electrode 
before and after WO3.0.33H2O nanoparticles electrodeposition. 
4.4.6. pH Sensitivity and Reproducibility 
The pH sensitivity was confirmed by measuring the open circuit voltage when dipping the sensor 
in commercial buffer solutions for 120 s. The measurements were performed from pH 9 to pH 5 
with three distinct sensors (Figure 4.8a).  
The sensing mechanism for this material, even if not fully understood, is believed to be de-
pendent on the redox reaction involving the double injection of cations and electrons to the struc-
ture, thus forming a tungsten oxide bronze with higher conductivity than tungsten oxide (Equation 
4.1): 
WO3 + xe- + xH+  HxWO3 (4.1) 
x corresponds to the number of protons (H+) and electrons (e-) involved in the reaction and HxWO3 
represents the tungsten bronze. The reaction mechanism is explained by means of small polaron 
transitions (formation of W5+ sites) for amorphous films and Drude-like free electron scattering for 
crystalline films. The major difference between these two mechanisms for amorphous and crys-
talline tungsten oxide films is the electron localization or delocalization.[34-36] 
The measured potential is therefore dependent on the pH and if there is a linear relation 
between these two parameters then it is described to have a Nernstian behavior. The sensitivity 
of the sensor can, in that case, be obtained by the slope of the linear regression according to the 
Equation 4.2:[3] 
E = E0 – (2.303 RT/F)·pH = E0 – 0.05916·pH (4.2) 
Where E0 corresponds to the standard electrode potential, R is the gas constant, T the tem-
perature and F the Faraday’s constant. The resulting theoretical maximum sensitivity is -59 
mV/pH (T = 25 C). In this situation all space charges are formed, owing to the redox reaction, 
indicating a good performance of the sensor. The pH sensors produced in this work (Figure 4.8a) 
demonstrated a mean sensitivity value of -56.7 ± 1.3 mV/pH, which is very close to the maximum 
theoretical value. This confirms the good sensitivity of the WO3 nanoparticles to the variation of 
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proton’s concentration in solution due to the redox reaction (Equation 4.1) involved in the pro-
cess. The measured potential values of the three sensors in different pH solutions (Table 4.2) 
showed small standard deviation, between 2 and 11 mV, which indicates that the experimental 
method used to produce these pH sensors is stable and reproducible. 
Two gold electrodes, without WO3 nanoparticles, were also measured for comparison. The 
mean sensitivity decreased by 50% associated with a higher standard deviation in each point and 
a lower correlation coefficient of the linear fitting (Figure 4.8b). Therefore we confirmed that the 
pH sensitivity is enhanced due to the presence of the WO3 nanoparticles layer. 
 
Figure 4.8. pH sensitivity measured from pH 9 to 5 of: a) Au/WO3 nanoparticles electrodes; b) Au 
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Table 4.2. Electrochemical potential values of three WO3 sensors measured from pH 9 to 5 and 
corresponding sensitivity. 
 Sensor 1 Sensor 2 Sensor 3 Mean potential 
pH 9 (mV) 476 485 497 486 ± 11 
pH 8 (mV) 541 535 544 540 ± 4 
pH 7 (mV) 596 599 601 598 ± 3 
pH 6 (mV) 644 655 659 653 ± 8 
pH 5 (mV) 713 711 715 713 ± 2 
pH sensitivity (mV/pH) -57.6 ± 1.8 
(R2 = 0.996) 
-57.4 ± 1.0 
(R2 = 0.999) 
-55.2 ± 1.3 
(R2 = 0.998) 
-56.7 ± 1.1 
(R2 = 0.995) 
4.4.7. Reversibility 
The same sensor was continuously tested in cycles from pH 9 to pH 5 (Figure 4.9). This 
procedure aims to simulate the in vivo conditions where the pH sensor will be exposed for long 
periods to oscillating pH levels. It is clear that the electrochemical potential varies with the pH 
level but the sensitivity is slightly dependent on the scanning direction (Table 4.3). The sensitivity 
decreased by 11.6 % between the first and third cycle which we believe is related with reactions 
at the electrode surface and charge saturation sites that occurs during electrode aging.[3] 
Further testing is being performed to evaluate the sensor sensitivity dependence on the WO3 
nanoparticles characteristics, such as active surface area and conductivity. Furthermore, the ex-
istence of two WO3 crystallographic structures (Figure 4.4a) in the produced dispersion can also 
contribute to a faster degradation of the sensing layer. Nevertheless, the low hysteresis values, 
between 6 and 10 mV, obtained for all pH solutions are comparable with the literature[6,19] and 
confirms the sensor stability.  
 
Figure 4.9. Electrochemical potential behavior of the pH sensor during three completes cycles 
for pH range of 9 to 5 and 5 to 9. 




Table 4.3. Electrochemical potential values for the same WO3 sensor measured from pH 9 to 5 
and 5 to 9, during three complete cycles and the resulting sensitivity. 
 Cycle 1 Cycle 2 Cycle 3 Mean potential 
pH 9 (mV) 476 503 485 ± 4 488 ± 7 
pH 8 (mV) 551 ± 7 543 ± 5 526 ± 9 540 ± 7 
pH 7 (mV) 600 ± 3 591 ± 5 569 ± 8 587 ± 9 
pH 6 (mV) 645 ± 1 648 ± 1 628 ± 4 640 ± 6 
pH 5 (mV) 713 692 672 692 ± 10 
pH sensitivity –  
pH 9 to 5* (mV/pH) 
-57.6 ± 1.8 
(R2 = 0.996) 
-48.7 ± 2.7 
(R2 = 0.987) 
-47.2 ± 4.5 
(R2 = 0.965) 
-50.9 ± 2.9 
pH sensitivity –  
pH 5 to 9* (mV/pH) 
-50.3 ± 2.6 
(R2 = 0.990) 
-50.2 ± 1.7 
(R2 = 0.996) 
-48.3 ± 2.0 
(R2 = 0.993) 
-49.6 ± 0.7 
*The uncertainty corresponds to the standard deviation of the linear regressions and R2 is the 
correlation coefficient 
4.4.8. Response Time 
The sensor’s response time was measured for three buffer solutions of different pH. The potential 
was measured before and after dipping the WO3 electrode in the buffer solutions for approxi-
mately 20 s (Figure 4.10). The response time was calculated as the time necessary to reach 90 
% of the maximum potential value, varying from 23 to 28 s in this pH range. These values are 
higher than those reported for other metal oxide electrodes,[37] which is attributed to differences 
in the structure of the sensor and in the experimental procedure. In our set up the electrode is 
kept in dry conditions before dipping in the solution therefore, the time to reach the equilibrium 
between the pH of solution and the electrode interface is higher than when the equilibrium is 
reached starting with the electrode already immersed in the electrolyte. The porosity of the sens-
ing layer, when using WO3 nanoparticles, is another factor that contributes to the increase of the 
time required to reach this equilibrium.[38] Nevertheless, the fact that this sensor can respond to 
pH variations in commercial buffer solutions, containing a complex mixture of different ions, allow 
us to conclude that this material has a good selectivity to protons. 




Figure 4.10. Electrochemical potential behavior of the electrode after dipping in buffer solution of 
pH 9, 7 and 5. The response time was calculated as the time necessary to reach 90% of the 
maximum potential value. 
4.4.9. Proof of Concept: Flexible pH Sensor 
In order to prove the potential application of the produced WO3 sensor in wearable biomedical 
devices, we developed a flexible reference electrode with the same size and substrate as the pH 
sensor. The electrochemical potentials were recorded for 120 s in a gelatin-based electrolyte with 
a curved surface (Figure 4.11). 
The lower sensitivity of this preliminary test is attributed to the solid electrolyte, namely the 
low ion mobility and the use of commercial buffer solutions that contains a mixture of different 
ions, which difficult the occurrence of the redox reaction in the electrode surface. Further studies 
are required in order to evaluate all the limitations of this concept and improve ion mobility of the 
solid electrolyte. Nevertheless, the flexibility and conformability of the sensors to curved surfaces 
were proved to be effective and therefore adaptable to applications as wearable biomedical de-
vices. 
As a conclusion, the sensitivity of the WO3 nanoparticles based pH sensor in aqueous elec-
trolyte is comparable to that of other metal oxides nanoparticles, such as RuO2,[39] ZnO nano-
tubes[17] and IrOx[6] with the advantage of solution processing, low temperature and facile man-
ufacture, being adaptable to different sensor architectures. 




Figure 4.11. a) pH sensitivity of WO3 sensor using a flexible Ag/AgCl reference electrode in a 
non-planar surface made of gelatin-based electrolyte; b) photograph of the prototype. 
4.5. Conclusions 
Flexible sensors based on WO3 nanoparticles with a high surface area were produced by elec-
trodeposition on gold electrodes with a sensing area of 1 mm2. The wax printed layer, here used 
as an insulator, was proven to be cytocompatible and therefore, a good alternative for sensor 
assembly. The pH sensitivity of these electrodes shows a near-Nernstain response of -56.7 ± 1.3 
mV/pH and reversibility was confirmed for three complete cycles in a pH range of 9 to 5. 
The application of WO3 flexible sensors to curved surfaces with a flexible Ag/AgCl reference 
electrode and solid electrolyte, shows a linear response in the pH range from 8 to 6, with a sen-
sitivity of 14.5 mV/pH but with good possibilities of improvement, for instance, by optimizing the 
solid electrolyte and assembly processes. 
As a conclusion, these results show that WO3 nanoparticles are a promising material for the 
development of stable and flexible pH sensors with low cost fabrication processes, low power 
consumption and small size that can be integrated in biomedical flexible devices without the need 
for bulky glass reference electrodes. Furthermore, this type of sensor can also be adapted to 
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other applications in a variety of fields such as food packaging, soil monitoring in agriculture, 
erosion monitoring in construction or even lubricants. 
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4.8. Supporting Information 
Electrodepositon set-up 
The sensing layer was produced by electrodeposition of a WO3 nanoparticles dispersion with 
constant current appliance of 20 µA during 900 s in a three electrode configuration.  




Figure S 4.1. Schematic and real image of the electrodeposition set-up composed by WO3 na-
noparticles dispersion in water, flexible gold working electrode, platinum wire as counter electrode 
and Ag/AgCl as reference electrode. 
 
Electrochemical impedance spectroscopy of Ag/AgCl flexible refer-
ence electrode 
Electrochemical impedance spectroscopy (EIS) was performed during the production of the ref-
erence electrode, before (after anodization of the Ag layer) and after saturation in 3 M KCl solu-
tion. This process enabled the stabilization of the reference electrode. 
 
Figure S 4.2. Impedance modulus and phase angle of the flexible reference electrode after ano-
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Direct electron transfer with redox proteins, in third generation biosensors, is already proved to 
be favored on electrodes modified with nanoparticles. In this work, different crystallographic and 
morphologic structures of tungsten oxide (WO3) nanoparticles are modified by hydrothermal syn-
thesis at 180 ºC. The electrochemical properties of WO3 nanoparticles deposit on ITO electrodes 
are investigated and the analytical performance of the nitrite biosensor is presented as proof of 
concept. Despite the inherent features of each nanostructure, the heterogeneous electron trans-
fer with the WO3 nanoparticles modified electrodes is thoroughly improved and, very importantly, 
the cytochrome c nitrite reductase (ccNiR) enzyme is able to keep their biological function. When 
compared with bare commercial ITO electrodes, the exchange rate constant of WO3/ITO elec-
trodes with cytochrome c increased one order of magnitude, while the analytical parameters of 
the WO3/ITO electrodes response to nitrite (the Michaelis-Menten constant is 47 µM and sensi-
tivity of 2143 mA M-1 cm-2) are comparable to those reported for carbon based electrodes. There-
fore, these metal oxide nanoparticles are good alternative materials for electrochemical applica-
tions, such as non-mediated biosensors. 
5.2. Introduction 
Nanostructured metal oxides have attracted considerable attention due to their advantages 
over their bulk counterparts. Spatial confinement with large fraction of surface atoms, high surface 
energy, strong surface adsorption and increased surface to volume ratio are some of the im-
portant characteristics that make these materials ideal candidates for many applications in the 
fields of chemistry, materials and engineering, as well as in the frontiers of medicine [1,2]. 
In electrochemistry, nanoparticles based electrodes enable faster electron transfer kinetics, 
reduced overpotentials, increased electroactive surface areas, sometimes triggering electro-
chemical reactions that are not feasible with bulk electrodes [3,4]. Furthermore, the direct electron 
transfer with redox proteins can be favored not only due to the high surface area but also to the 
biocompatibility and improved interactions. Despite the huge variety of nanoparticles with different 
chemical natures, extensive studies are still being made to find new electrode materials, and 
surface functionalizations.  Nanostructured metal oxides like TiO2 and ZnO are well-recognized 
promoters of electron transfer with heme proteins, due to their electrical and optical properties 
[5–10]. However, to the best of authors’ knowledge, only few studies employed nanostructured 
WO3 as electron transfer facilitators: Feng et al. [11] reported that electrodeposited mesoporous 
WO3 films enhanced the hemoglobin protein loadings, accelerated interfacial electron transfer 
and improved thermal stability of the adsorbed protein; Deng et al. [12] produced a WO3 
nanostructures based electrode that facilitated the electron transfer of cytochrome c (cyt c) pro-
tein; and Liu et al.[13] synthesized WO3 nanowires with a high length-diameter ratio and then use 
them to immobilize hemoglobin and fabricate a nitrite biosensor. Actually, the unique properties 
of WO3 such as reversible change of conductivity, high sensitivity, selectivity and biocompatibility 
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make this material a very promising candidate for the construction of novel (bio)sensing elec-
trodes [14]. 
Tungsten oxide (WO3) is a well-known n-type wide band gap semiconductor, inexpensive, 
environmentally friendly and chemically stable [15]. It is suitable for different applications, such 
as electrochromic devices [16–18], photocatalysts [19,20], and gas sensors [21–23]. Several 
techniques, both by physical and chemical routes, have been reported for the production of WO3 
nanoparticles [16,24–26]. Hydrothermal synthesis has several advantages like being simple and 
requiring low processing temperatures, offers a good homogeneity and control over the shape 
and size of the structures, and it is cost effectiveness, which are critical characteristics for large 
scale production as demanded by industries [25,26]. 
In this work, indium tin oxide (ITO) glass electrodes were modified with three types of WO3 
nanoparticles and applied in the fabrication of the nitrite biosensor by immobilization of the cyto-
chrome c nitrite reductase (ccNiR) enzyme.  
Previously characterized from the bioelectrochemical viewpoint, the multi-heme enzyme, 
ccNiR (Figure 5.1) can be regarded as a suitable biological model to study electrode materials. 
In general, it shows facile direct electron transfer in carbon electrodes such as, pyrolytic graphite 
and carbon nanotubes, while preserving the catalytic activity towards nitrite reduction [27–29]. In 
fact, ccNiR plays an important role in the nitrogen cycle where it catalyzes the nitrite reduction to 
ammonia is a six-electron transfer reaction (Equation 5.1) [30]:  
NO2- + 6e- + 8H+  NH4+ + 2H2O (5.1) 
 
Figure 5.1. Representation of the 3D structure of cytochrome c nitrite reductase, with the heme 
groups coordinating a central iron atom (deep red spheres). 
Herein, we show the potentialities of WO3 nanoparticles in the low cost production of direct 
electron transfer based biosensors. The bioelectrodes composed of ccNiR in direct contact with 
WO3 nanoparticles revealed a good electrocatalytic response in the presence of nitrite, paving 
the way for the development of non-mediated amperometric biosensors. 
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5.3. Experimental Section 
Hydrothermal synthesis of nanostructured WO3 
All chemicals were of analytical grade and used without further purification. For the hydrothermal 
synthesis of WO3 nanoparticles, Na2WO4.2H2O (0.4 g, Fluka, 99 %) was first dissolved in deion-
ized water with NaCl (0.15 g, Panreac, 99.5 %) as structure directing agent [31] and then acidified 
with a variable amount of 3 M HCl solution (Fluka, 37 %) so that the final concentration of 2.7 
(W1), 1.5 (W2) and 0.3 M (W3) was reached. The solution was transferred to a 23 mL PTFE 
chamber, set inside a stainless steel autoclave (4745 general purpose vessel, Parr) and installed 
in the oven (L3/11/B170, Nabertherm). The synthesis conditions were set for 180 C during 2 
hour and let cooling down to room temperature (RT) inside the oven. The synthesized product 
was collected by centrifugation at 3000 rpm for 2 min (F140, Focus instruments) and washed 
thrice with water. The resultant powder was finally dried in the oven (TK4067, EHRET) at 60 ºC 
for at least 8 hours. 
Crystallographic and morphologic characterization of WO3 nanoparticles were performed 
by SEM (Auriga SEM-FIB, Zeiss), TEM (Tecnai-G2, FEI) and XRD (XPert PRO, PANalytical). The 
specific surface area was calculated using the Brunauer–Emmett–Teller (BET) method based on 
the nitrogen adsorption isotherm obtained at 77 K in a constant volume adsorption apparatus 
(ASAP 2010 V1.01B Micromeritics). Hydrodynamic diameter of the WO3 dispersions was con-
firmed by Dynamic Light Scattering (DLS) technique (W130i Avid Nano). Electrochemical imped-
ance spectroscopy (EIS) was performed in potentiostat (600TM Gamry Instruments) for WO3 
powders in pellets formed at a pressure of 8 tons in a nanopowder hydraulic press, with a diameter 
of approximately 1 cm and a thickness of 1-3 mm. The electrochemical cell consisted of two gold 
electrodes in each side of the pellet compacted in a homemade cell and the experimental condi-
tions were set as 10 mV of alternative voltage in a frequency range of 1-106 Hz. 
Electrode preparation and characterization  
Nanoparticles were first dispersed in water (weight fraction 0.1 %), sonicated for 5 min and filtered 
(0.45 µm syringe filter, Roth) prior to deposition. Commercial ITO glass (10 /sq, Xinyan Tech-
nology) was used as working electrode. After cleaning and activation for 30 min in UV/ ozone 
(PSD-UV, Novascan), 10 µL of WO3 dispersion was drop casted on the electrode surface followed 
by 1 hour annealing at 120 ºC. Electrochemical characterization of WO3/ITO electrodes was per-
formed in a three-electrode electrochemical cell (10 mL) composed of the working electrode, a 
Ag/AgCl reference electrode and a platinum wire as counter electrode (both from Radiometer). 
The measurements were performed with a potentiostat Autolab PGSTAT12 (Eco-Chemie) moni-
tored by GPES 4.9 software (Eco-Chemie). The experiments were carried out at RT (20 ± 2 °C) 
in argon purged solutions (10 min); an argon atmosphere was also maintained inside the cell 
during measurements (Figure S 5.1). The WO3/ITO electrodes were characterized by EIS and 
cyclic voltammetry (CV) at a 50 mV/s scan rate in 0.05 M tris-HCl pH 7.6 buffer with 0.1 M KCl, 
as supporting electrolyte. The Nyquist plots were obtained with an alternative voltage of 10 mV 
in a frequency range of 1-106 Hz. The redox probe K3Fe(CN)6 was prepared as 1 mM  solution in 
1 M KCl, while the cyt c (from horse heart, Sigma) was used as a 200 µM solution in 0.05 M 
phosphate buffer pH 7.6 and 0.1 M KNO3. For ccNiR immobilization and good electrical contact 
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with the ITO glass, 5 µL of enzyme (1 mg/mL, 7 µM)[32] and 5 µL of WO3 nanoparticles dispersion 
were deposited at the same time on the electrode and dried at 50 ºC for 1 hour. To test the activity 
to nitrite, small volumes of sodium nitrite standard solutions were added to the electrochemical 
cell containing 0.05 M tris-HCl pH 7.6 buffer with 0.1 M KCl as supporting electrolyte. The cell 
was argon purged after each addition while stirring and the CV (50 mV/s) was recorded. Catalytic 
currents were determined at the inversion potential (-0.8 V). All potentials are quoted versus the 
Ag/AgCl reference. Each experiment was performed in a new electrode. Raman and resonance 
Raman (RR) experiments were performed with a confocal microscope coupled to a Raman spec-
trometer (Jobin Yvon U1000) equipped with 1200 l/mm grating and liquid-nitrogen-cooled back-
illuminated CCD detector. The samples were excited with the 413 nm line from a krypton ion laser 
(Coherent Innova 302). Raman spectra of WO3 materials were measured with variable laser 
power (5-13 mW) and accumulation time (30 – 60 s), at RT, at different spots of the film deposited 
on a microscopic glass. RR spectra of ccNiR deposited on WO3 films were typically measured 
with 1.2 mW laser power and 5 s accumulation time, at RT. The same samples were used to 
measure Raman spectra of WO3 (in the presence of ccNiR) by focusing the laser onto the WO3 
film plane and increasing the laser power and accumulation time as described above. 
5.4. Results and Discussion 
5.4.1. WO3 Nanoparticles Characterization 
Tungsten oxide (WO3) nanoparticles were hydrothermally synthesized from sodium tungstate 
(Na2WO4) precursor following the procedure described  by Wang et al. [31] In this work, three 
different acidities (2.7, 1.5 and 0.3 M of HCl) were used with a constant amount of precursor and 
structure-direct agent (NaCl). The syntheses were achieved at 180 ºC for 2 hours in a conven-
tional oven and the crystallographic and morphologic characterization was performed in the re-
sulting powders. 
The XRD patterns (Figure 5.2a), confirms that the powder synthesized at 2.7 M HCl (sam-
ple W1) is monoclinic WO3 (m-WO3), while the powders synthesized at 1.5 M HCl (sample W2) 
and 0.3 M HCl (sample W3) are orthorhombic hydrated WO3 (ortho-WO3·0.33H2O). In pure sam-
ples (W1 and W3), the diffraction peak from (002) plane is observed at a diffraction angle of ~23°. 
The pattern from W2 evidences the presence of a secondary product that cannot not be identified 
since the identified peaks (*) do not match with any of the reported ICDD data for crystalline WO3, 
sub-stoichiometric WOx or its hydrates, thus suggesting that the corresponding structure derives 
from the slow growing of the nanoparticles clusters under employed experimental conditions. The 
influence of HCl concentration to the WO3 crystal growth is still not fully understood but it is be-
lieved that there is the interference of both ions (H+ and Cl-) in the reaction. The formation of the 
clusters only occurs at pH below 2, therefore the speed of the reaction is affected with protons’ 
concentration and the chloride ions act as capping agent, thus promoting the growth of the crys-
tals in a specific direction.[32]  
In the literature, the particular peak at 10º was found in solution processed WO3 films de-
posited at low temperatures which presented some degree of nanocrystallinity also with no clear 
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evidence of the structure associated.[33] The wider diffraction peaks from the sample W2 are an 
indicator of the small crystallite sizes obtained (according to the Scherrer equation).[34] This con-
clusion was further evidenced by Energy Dispersive Spectroscopy (EDS) that detected only tung-
sten and oxygen elements with no evidence of any contaminant (data not shown). 
Tungsten oxides follow a well-known ReO3-type structure which are built up of layers con-
taining distorted corner-shared WO6 octahedra stacked along (002) plane, as represented in Fig-
ure 5.2b-c.[35,36] The stable m-WO3 can have an infinite array of corner-sharing WO6 octahedra 
stacked in an arrangement held together by van der Waals forces. The stacking of such planes 
along the z axis leads to the formation of tunnels between these octahedra. The ortho-
WO3·0.33H2O structure includes two types of octahedra, one is formed of W-O covalent bonds 
and the other includes two types of terminal bonds (W=O and W-OH). This structure may restrict 
stacking along the z axis due to the weak interaction between adjacent layers.[37]  
 
Figure 5.2. Left side: a) XRD patterns of hydrothermally synthesized WO3 powders; W1) 2.7 M, 
W2) 1.5 M and W3) 0.3 M of HCl (reference diffractograms for m-WO3, ICDD: 43-1035 and ortho-
WO3·0.33H2O, ICDD: 01-072-0199 has been placed at bottom), b) Representation of (002) crys-
tallographic plane projection (performed in crystal maker© software) for m-WO3 and c) ortho-
WO3·0.33H2O. Right side: SEM microstructures and TEM lattice-images of hydrothermal synthe-
sized WO3 nanoparticles: d), g) W1; e), h) W2; and f), i) W3. SEM images were false colored for 
better visualization of the nanoparticles structure while the darker background corresponds to the 
ITO electrode. The inset on TEM lattice-images shows the corresponding FFT images. The size 
scales of SEM and TEM images are the same in the three samples. 
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Raman spectroscopy (RS) was utilized to further characterize structural features of the W1, 
W2 and W3 samples. The spectra (Figure S 5.2) reveal vibrational modes characteristic for WO3, 
indicating hydrated W2 and W3 and more ordered W1 sample.[21,38,39] To confirm the detailed 
crystallographic and morphologic characteristics of the obtained nanostructures further investiga-
tions were performed by SEM (Figure 5.2d-f), TEM and Fast Fourier Transform (FFT) images 
(Figure 5.2g-i). The TEM images captured at low magnification (not shown here) show similar 
microstructures as observed in SEM, revealing the nanoslab-shape of the nanoparticles. The 
distance between the centers of 2 successive dots (lattice spacing), which was calculated as an 
average value between 10 such subsequent dots, is indicated on corresponding TEM images. 
The FFT image shows the view of different lattice planes through a particular zone axis. In W1, 
the observed lattice spacing of 0.39 nm corresponds to the (020) lattice plane of the m-WO3. The 
lattice spacing measured in W3, 0.62 nm (brighter spots) and 0.39 nm (closest spots) correspond 
to (020) and (002) planes of ortho-WO3·0.33H2O, respectively. The FFT images can be indexed 
to the [100] zone axis of m-WO3 (in the sample W1) and to [001] zone axis of ortho-WO3·0.33H2O 
(in sample W3) [40]. Sample W2 shows a more irregular lattice and FFT images which cannot be 
clearly identified. Nevertheless, the area shown in the image with a spacing of 0.31 nm can be 
attributed to the (220) plane of ortho-WO3·0.33H2O, which corroborates with the predominant 
peak observed in XRD (Figure 5.2a). 
The size of the WO3 nanoparticles was established by DLS technique and compared with 
SEM analysis (Table 5.1). The DLS results show slightly larger nanoparticles than SEM analysis 
that can be attributed to the hydrodynamic diameter that includes the solvent layer surrounding 
the nanoparticles, measured by DLS. Nevertheless, the proximity of the results is a good evidence 
of the stability and dispersion of the solution. Another feature of the nanoparticles relevant for 
their electrochemical performance is the active surface area, which was measured by nitrogen 
adsorption technique and by applying the Brunauer–Emmett–Teller (BET) equation (Table 5.1). 
Both nanoparticles characterized as ortho-WO3·0.33H2O presented higher surface areas, possi-
bly, the crystallographic structure directly influences this result due to the presence of terminal 
groups (W=O and W-OH) in the hydrated structure [41]. 
 
Table 5.1. Comparison of nanoparticle sizes measured by SEM and DLS techniques along with 
BET surface areas and fitted bulk conductivity calculated from Nyquist plots of the 3 samples. 
 
Size measured 
in SEM (nm) 
DLS diameters 
(nm) 




W1 190 ± 90 240 ± 50 12.05 3.0 × 10-6 
W2 46 ± 16 50 ± 13 73.74 4.2 × 10-6 
W3 234 ± 148 310 ± 83 40.84 7.4 × 10-6 
 
The electrochemical impedance spectroscopy (EIS) of WO3 nanopowder was performed in a 
two electrode set-up with gold electrodes on both sides of the WO3 pellet. Nyquist plots which 
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represent real versus imaginary impedance (Figure S 5.3), show a semicircle in the high fre-
quency and a sloped straight line in the low frequency region. Conductivity (Table 5.1) was cal-
culated from the resistance (R) fitting obtained by EIS and using the Equation 5.2:  
σ = l/ (R × A) (5.2) 
The thickness (l) and area (A) of the pellets were also considered for this calculation. Due to 
the structural particularities of the hydrated ortho-WO3·0.33H2O polymorph the conductivity is 
higher than the m-WO3 structure. 
5.4.2. Electrochemical Properties of WO3 Films 
Modified WO3/ITO electrodes were produced by drop casting a water dispersion of WO3 nano-
particles (weight fraction 0.1 %) on a commercial ITO glass substrate (Figure S 5.4). The distri-
bution of the nanoparticles can be verified by SEM, as shown in Figure 5.2d-f. After each elec-
trochemical experiment the surface of the electrode was rinsed with water and further analyzed 
by SEM; no visible difference was observed when comparing with the as-prepared electrode, 
thereby confirming the good adherence of the WO3 nanoparticles to the ITO substrate. 
The EIS data were compared between bare ITO and WO3/ITO electrodes (Figure 5.3a 
and Figure S 5.3b). The W2/ITO electrode showed an atypical behavior described by a larger 
semicircle that characterizes the charge transfer resistance. This result suggests that the electron 
transfer is less efficient in the W2/ITO films, which could possibly reduce the sensitivity of the 
sensor [4]. In fact, the cyclic voltammogram (CV) of this electrode (Figure 5.3b) shows higher 
capacitive currents; the smaller particle size of the W2 nanopowder probably produces a more 
compact thin film that may somewhat obstruct the ITO surface, resulting in a less conductive 
electrode. The cathodic and anodic peaks observed in the range of -0.4 to -0.8 V are related to 
the electrochemical reduction/oxidation of tungsten coupled to proton intercalation/deintercala-
tion, respectively (Equation 5.3). This results in the reversible formation of tungsten bronze 
(HxWO3) [42]: 
 WO3 + xH+ + xe-  HxWO3 (5.3) 
This reaction is much more evident with the W2/ITO electrode, which, as mentioned before, might 
be due to a higher number of nanoparticles and, consequently, to a higher number of available 
redox sites, thereby increasing the current peaks. 




Figure 5.3. Electrochemical characterization of ITO and WO3/ITO electrodes. a) Nyquist plots 
measured with an alternative voltage of 10 mV and frequency range 1-106 Hz; b) cyclic voltam-
mograms performed at a scan rate 50 mV/s. The supporting electrolyte was 0.1 M KCl  in 0.05 M 
tris-HCl pH 7.6 buffer. 
 
The WO3/ITO modified electrodes were then tested with the redox probe ferrocyanide 
(Fe(CN)64-/ Fe(CN)63-). Since the WO3 nanoparticles typically have a pKa around 2.5 [43], it was 
expected that at neutral pH a repulsion between WO3 and the ferrocyanide anions would occur. 
However, a well-defined pair of oxidation and reduction peaks was observed by CV (Figure S 
5.5). The peak currents varied linearly with the square root of the scan rate, demonstrating a 
typical diffusion controlled electrochemical process. The redox process showed a good reversi-
bility, with a current peak ratio (Ic/Ia) of 1.03 ± 0.02, independent of the scan rate, and peak 
separations (ΔEp) around 65 ± 10 mV. These results are in good agreement with a reversible 
one-electron transfer (Ic/ Ia = 1 and ΔEp = 59 mV) [44,45]. Moreover, the formal potential (E0 = 
(Ec + Ea)/2 = 272 mV) is in accordance with the reported values [46]. The response obtained on 
the control electrode (bare ITO), with Ep and Ic/Ia values of 193 mV and 0.89, respectively, 
clearly indicates that the ferrocyanide electrochemistry is improved in the presence of the nano-
particles.  
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The electroactive area of the different electrodes was determined using the Randles-Sevick 
equation (5.1).[44–46] Assuming a Nernstian behavior and diffusion controlled process, the 
peak current is related to the potential scan rate by equation 5.4: 
Ip = 2.69  105 n3/2 ACD1/2 v1/2 (5.4) 
 
Where Ip is the current peak (A), n the number of electrons, A the area (cm2), C the concentra-
tion (mol cm-3), D the diffusion coefficient (7.18  10-6 cm2 s-1) [46] and v the scan rate (V s-1).  
The electrochemical assays were performed in the buffer solution 0.05 M tris-HCl, pH 7.6. The 
electroactive area values (0.35 cm2) were similar for the three measured electrodes and about 
2-3 times larger than the electroactive area of the ITO electrode (0.17 cm2) and the geometrical 
area (0.13 cm2), respectively. Therefore, the roughness of the deposited WO3 films, combined 
with the high surface area of the nanoparticles enlarges the electroactive area of the electrodes.  
The kinetics of the heterogeneous electron transfer of cyt c (in solution) with the three different 
WO3 nanoparticles was compared. A pair of redox peaks is seen in all CVs, in the scan rate range 
35 - 750 mV/s, as a result of the direct electron transfer of the heme FeIII/FeII redox couple. The 
process is diffusion controlled as indicated by the linear dependence of the peak current with the 
square root of scan rate (Figure 5.4). The parameters Ic/Ia, ΔEp and E0 of the redox reaction 
were further compared to evaluate the reversibility of this redox system (Table 5.2). The results 
for all WO3/ITO electrodes are consistent with a quasi-reversible one-electron transfer reaction. 
But, as in the case of ferrocyanide, the electrochemistry of cyt c is favored in the presence of 
WO3 nanoparticles when compared with bare ITO. This result indicates that the nanostructured 
WO3 interface facilitates not only the electron exchange with small inorganic redox species but 
also with a much bigger and structurally delicate biological molecule such as cyt. c. Nevertheless, 
the formal potential of this hemoprotein showed a large upshift (ca. 200 mV) in comparison with 
the values reported in the literature [47]. Changes in the redox behavior of cyt c are usually as-
sociated with conformational rearrangements induced by the interaction with the electrode sur-
face [48], such as the electrostatic attraction between the positively charged lysine residues in 
the vicinity of the cyt c’s heme group and the negatively functional groups from the electrode 
surface  [49,50]. This effect was observed on both ITO and WO3/ITO electrodes, but it was less 
pronounced in the presence of the nanoparticles since, at neutral pH, they provide more nega-
tively charged surfaces. 




Figure 5.4. Cyclic voltammograms of cyt c at ITO and WO3/ITO electrodes measured at variable 
scan rates, from 35 to 750 mV s-1. Protein concentration was 0.2 mM in 0.1 M KNO3, 0.05 M 
phosphate buffer pH 7.6., Inset: Variation of anodic and cathodic peak current as a function of 
the square root of the scan rate. 
 
Table 5.2 Electrochemical parameters of cytochrome c on different WO3/ITO electrodes (anodic 
and cathodic peak current ratio (Ic/Ia), peak separation (Ep), formal redox potential (E0), diffu-
sion coefficient (D0) and heterogeneous exchange rate constant (k0)), as obtained by cyclic volt-
ammetry, in 0.05 M phosphate buffer, pH 7.6, 0.1 M KNO3, at variable scan rates (from 35 to 750 
mV s-1).  
 Ic/Ia Ep 
(V) 
E0 





ITO* 0.37 0.084 0.248 9.13  10-9 6.19  10-4 
W1/ITO 0.41 0.060 0.233 4.07  10-8 1.34  10-3 
W2/ITO 0.64 0.056 0.232 8.98  10-8 2.62  10-3 
W3/ITO 0.74 0.052 0.235 9.90  10-8 1.49  10-3 
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* The electrochemical data concerns only the lowest scan rates due to the poor peak definition 
obtained at high scan rates. 
 
The diffusion coefficient (D0) values calculated using the Randles-Sevick equation (5.3) are lower 
than those reported in the literature [51]. Curiously, however, the D0 values increase in the pres-
ence of the WO3 nanoparticles when compared with bare ITO electrodes. 
The exchange rate constants (k0) were determined using the Kochi method [52,53] that derives 
from the Nicholson equation (5.5) [54]: 










where  is the charge transfer coefficient (0.5) and  is the scan rate (F, R and T are constants, 
with their usual meaning). The rate constants were consistent with data in the literature [51]. 
Overall, the electrodes modified with W2 and W3 exhibited slightly improved reversibility and ki-
netics. Both materials are orthorhombic and hydrated, in contrast with the monoclinic W1 nano-
particles. This suggests an influence of the structural and/or wettability properties of the materials 
on the electrochemical response of cyt c. 
5.4.3. Proof of concept: nitrite biosensor 
The immobilization of ccNiR on ITO glass electrode is a critical parameter for a good analytical 
performance of the biosensor, and the best response was achieved by drop casting the enzyme 
solution together with the WO3 nanoparticles dispersion. The structural integrity of ccNiR, after 
immobilization, on the level of the active site and other heme groups, was verified by resonance 
Raman (RR) spectroscopy (Figure S 5.6) since the band frequencies, bandwidths and their rel-
ative intensities are similar of the RR spectrum of the native enzyme in solution [55].  
In this work, ccNiR was chosen as model enzyme due to its high catalytic activity towards nitrite 
reduction, which could have an important impact in the development of biosensors for pollution 
control and clinical diagnosis. This study aims at setting the basis for its application in nitrite bio-
sensors using novel nanostructured materials as electrode supports. 
The experimental evaluation of the response of the ccNiR/WO3/ITO electrodes to nitrite was per-
formed by CV in buffered solution containing increasing concentrations of the analyte. The CVs 
show increased cathodic currents (onset at ca. 350 mV) corresponding to the electrocatalytic 
reduction of nitrite by the immobilized enzyme (Figure 5.5a) [29], thereby attesting the biocom-
patibility of WO3 nanoparticles. The cyclic voltammograms of control electrodes prepared without 
ccNiR coats showed no response to nitrite additions (not shown). The catalytic current was de-
termined at –800 mV as the difference between the cathodic currents measured in the presence 
and absence of nitrite. 
The plot of catalytic current versus nitrite concentration could be fitted (Figure 5.5b) to the elec-
trochemical version of Michaelis-Menten equation (5.6) [28]: 




where Imax is the catalytic current observed at the maximum turnover rate, C the substrate con-
centration (nitrite) and KM the Michaelis-Menten constant. 
 
Figure 5.5. Typical electrochemical response of ccNiR/WO3/ITO electrodes in response to varia-
ble nitrite concentration (0-0.8 mM). a) Cyclic voltammograms performed at a scan rate of 50 mV 
s-1 in 0.05 M tris-HCl pH 7.6 buffer with 0.1 M KCl; b) Catalytic current (measured at -0.8 V) as a 
function of nitrite concentration and fitting (solid line) of the experimental data to the Michaelis-
Menten equation. 
 
The W1 and W3 based electrodes provided very similar results in respect to Michaelis-
Menten constant, linear range and sensitivity. The results with the W2 nanoparticles were inferior 
in terms of sensitivity. This can be mainly attributed to the higher electroactivity of the latter elec-
trode in the potential window of the ccNiR’s catalytic response (Figure 5.3), therefore making the 
electrode less sensitive to small current variations. Nevertheless, we cannot rule out other con-
siderations related with the different size of the nanoparticles, their crystallographic structure and 
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Comparing with previous reported biosensors based on ccNiR from D. desulfuricans (Ta-
ble 5.3) the Michaelis-Menten constants values are similar to those obtained with less obstructing 
immobilizing matrices like the sol-gel silica film or the simple protein adsorption on pyrolytic graph-
ite electrodes and carbon paste [27,55,56,58]. 
 
Table 5.3. Comparison of the kinetic and analytical parameters of the bioelectrode configurations 
tested in this work with previously reported amperometric or voltammetric biosensors also based 
on ccNiR from D. desulfuricans. Michaelis-Menten constant (KM); limit of detection (LOD); linear 
range and sensitivity. PG: pyrolytic graphite; SWCNT: single-walled carbon nanotubes; MWCNT: 
multi-walled carbon nanotubes; CPSPE: carbon paste screen-printed electrode; ND: not deter-









(mA M-1 cm-2) 
Ref. 
PG/SWCNT 715 ± 51 2.1 2.1 – 150 2400 ± 100 [27] 
PG/modified MWCNT 1170 ± 70 1.4 1 – 100 1081 ± 120 [56,57] 
PG/sol-gel silica 27 ± 1 0.12 0.25 – 50 430 ± 23 [55] 
PG 43 0.6 0.6 - 150 520 [56] 
CPSPE ND 1.2 0.7 - 370 550 [58] 
ITO 
35 ± 4 
(R2 = 0.99) 
5 5 - 50 
1302 ± 208 
(R2 = 0.95) 
This work 
W1/ITO 
43 ± 8 
(R2 = 0.97) 
5 5 - 50 
2143 ± 33 
(R2 = 0.999) 
This work 
W2/ITO 
37 ± 3 
(R2 = 0.992) 
5 5 - 50 
1421 ± 179 
(R2 = 0.97) 
This work 
W3/ITO 
47 ± 7 
(R2 = 0.98) 
5 5 - 50 
2143 ± 38 
(R2 = 0.999) 
This work 
 
In addition, a preliminary analytical characterization of the ccNiR/WO3/ITO electrodes is 
provided in Table 5.3. Despite only including few data points, the trends are clear: the limit of 
detection (LOD) determined as the lowest concentration of nitrite that could be measured [59] are 
relatively high while the linear range is comparatively narrow; though, they are prone to optimiza-
tion, once the electrode modification is further developed. Actually, the main drawback of the 
ccNiR/WO3/ITO electrodes is the reproducibility of preparation, which might be due to the non-
controlled manufacturing process. The high sensitivity values (slope of the linear fitting at low 
nitrite concentrations) are comparable with those reported for high surface area nanostructured 
materials such as the single and multi-walled carbon nanotubes [27, 56, 57]. This demonstrates, 
for the first time, the use of a metal oxide nanoparticle film as a good catalytic interface for ccNiR, 
instead of the common carbon based electrodes (pyrolytic graphite, glassy carbon and carbon 
nanotubes) [27,29]. With the exception of the W2 type electrodes, the correlation coefficients (R2) 
are very good. 




Tungsten oxide nanoparticles were hydrothermally synthesized and fully characterized employ-
ing diverse microscopic, spectroscopic and electrochemical methods. The resulting nanoparti-
cles were identified as three different crystallographic and morphologic structures; pure m-WO3 
(W1) and ortho-WO3·0.33H2O (W3) nanoslabs and a mixture of two polymorphs (W2). Their in-
terfacial electron transfer properties were distinguished using different iron based electron trans-
fer probes. The small iron complex ferrocyanide displayed efficient electron transfer on the na-
noparticle based electrodes. The electroactive areas were significantively improved due to the 
increased surface area of the nanostructured films. The response of the small electron transfer 
protein cyt c on the electrodes modified with WO3 nanoparticles revealed that particular features 
of the nanoparticles influence several parameters of the redox processes, e.g. the reversibility, 
D0 and the k0. The higher conductivity of the WO3·0.33H2O nanostructures (W2 and W3) con-
tributed for faster and reversible redox reactions.  
The structural and catalytic properties of large heme containing enzyme ccNiR were preserved 
after interaction with all three WO3 nanostructures; the ccNiR modified electrodes showed good 
electrocatalytic activity towards the reduction of nitrite. The lowest response was attained with 
the W2 electrodes as a result of the high capacitive current and impedance of this material. 
Nevertheless, the comparison with bare ITO electrodes clearly demonstrated that 
ccNiR/WO3/ITO constructs represent a promising alternative for ccNiR/carbon based biosen-
sors. In fact, the sensitivities of 2143 mA M-1 cm-2 are similar to those obtained for carbon nano-
tubes. Taken together, our data indicate that the WO3/ITO electrodes represent novel, biocom-
patible and efficient platforms for the study of protein electron transfer reactions. Further optimi-
zation of the electrode fabrication process is currently under development, aiming at the im-
provement of the electroanalytical performance of the electrodes and their suitability for the con-
struction of miniaturized, fully integrated and cost-effective biosensing devices. For instance, the 
stability of response, the shelf-life and the selectivity of detection will be optimized; in addition, a 
careful reassessment of all kinetic and conventional analytical parameters will be carried out. 
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5.8. Supporting Information 
Representation of the electrochemical cell used in characterization 
processes 
The electrochemical characterization of WO3/ITO electrodes was performed in a three-electrode 
electrochemical cell composed by the working electrode, Ag/AgCl as the reference and platinum 
wire as the counter electrode. The experiments were carried out in argon purged buffer solutions 
and the argon atmosphere was maintained during electrochemical characterization of the 3 dif-
ferent iron-based probes (ferrocyanide, cytochrome c and cytochrome c nitrite reductase). 
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Figure S 5.1. Schematic representation of the set-up used in electrochemical characterization; 
composed by a WO3/ITO working electrode, buffer electrolyte, platinum wire as counter electrode 
and Ag/AgCl as reference electrode. 
 
Resonance Raman spectroscopy of WO3 nanoparticles 
 
Raman spectroscopy (RS) is widely used for investigation of the structural order of materials, 
which governs their physical properties and also for in situ characterizations of diverse tungsten 
oxide films and devices.[1] Therefore, Raman spectra of different tungsten oxides have already 
been well described in the literature.[1–4] The spectra obtained from all 3 samples (Figure S 
5.2) show the presence of vibrational modes characteristic for WO3 materials: the modes at 
~800 cm-1 and ~700 cm-1 can be readily assigned to O-W-O stretching, while the weak band at 
328 cm-1 can be associated with δ(O–W–O) bending vibrations.[1,2,4] In particular, the Raman 
spectrum of sample W1 reveals the fingerprint of well-defined monoclinic phase,[2] with narrow 
bands that suggest well-ordered structure. The modes at ~940 cm-1, 675 cm-1 and 627 cm-1 are 
not present in the spectrum of W1. The former, assigned to terminal W=O bond vibration, indi-
cates a presence of water in W2 and W3. It was actually demonstrated that this mode disap-
pears from WO3 films when annealed above 400 ºC,[4] together with the out-of-plane wagging 
γ(O−W−O) mode found in W2 and W3 at ~670 cm−1. We further observe that the Raman spec-
trum of W2 exhibit strong similarities to those of W1 and W3, indicating that the secondary prod-
uct detected in XRD of W2 is likely to be similar to these two polymorphs. 
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Figure S 5.2. Raman spectra obtained from the samples W1, W2 and W3 at RT with 413 nm 
laser excitation, 6.5 mW laser power and 30 s accumulation. 
 
Electrochemical impedance spectroscopy of WO3 and WO3/ITO elec-
trodes  
The electrochemical impedance spectroscopy (EIS) of WO3 nanopowder was performed in a 
two electrode set-up with gold electrodes on both sides of the WO3 pellet. Nyquist plots which 
represent real versus imaginary impedance (Figure S 5.3a), show a semicircle in the high fre-
quency and a sloped straight line in the low frequency region. The difference between the pow-
ders is clear since the semicircle diameter equals the resistance in the bulk WO3. The results 
are in accordance with the literature since ortho-WO3·0.33H2O is typically a more conductive 
material due to the presence of double bonds and hydroxyl terminal groups.[5] Nevertheless, 
W2 shows a more resistive behavior than W3, which is probably due to the presence of the sec-
ondary product not yet identified. 
The Nyquist plots of the WO3/ITO electrodes are also represented (Figure S 5.3b), it is evident 
the distinct behavior of the W2/ITO which was assumed to be due to the higher nanoparticles 
coverage of the electrode, which decreases the electron transfer capability of the electrode. 
All the fitting experiments were performed with the equivalent electric circuit that considers the 
bulk impedance related to the intrinsic material properties, represented by the ZARC element 
(CPE and R in parallel) and the contact impedance due to the electrode-sample interface. This 
last contribution is represented by a constant phase element (CPE) in series with the first part of 
the circuit [6]. 
 
Figure S 5.3. Nyquist plots of: a) WO3 pellets performed at RT between two gold flat electrodes 
and b) WO3/ITO electrodes performed in 0.05 M tris-HCl pH 7.6 buffer with 0.1 M KCl as electro-
lyte. The alternative voltage was of 10 mV and the frequency range between 1-106 Hz. The the-
oretical fitting is represented by the solid lines.  
 
Schematic representation of the WO3/ITO electrodes preparation 
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The modified WO3/ITO electrodes were produced by drop casting a water dispersion of WO3 
nanoparticles (weight fraction 0.1 %) on a commercial ITO glass substrate and dried at 120 C 
for 1 hour. 
 
Figure S 5.4. Representation of the drop casting method for the preparation of the WO3/ITO 
electrodes. 
 
Electrochemical response of ITO and WO3/ITO electrodes to K3Fe(CN)6 
probe  
The WO3/ITO electrodes were tested with the electron transfer probe ferrocyanide and com-
pared with bare ITO (control electrode). The cyclic voltammograms were performed with a vari-
able scan rate from 10 to 250 mV s-1 and the linear dependence of the current peaks with the 
square root of the scan rate was demonstrated, as shown in Figure S 5.4. W1/ITO electrode is 
represented as an example since all three WO3/ITO electrodes showed similar response. 
 
Figure S 5.5. Cyclic voltammograms of ITO and WO3/ITO electrodes in 1 mM [Fe(CN)6]4-/3- solu-
tion at variable scan rate, from 10 to 250 mV/s (insets correspond to the plots of peak current vs. 
square root of scan rate). 
 
Resonance Raman spectra of cytochrome c after immobilization on 
WO3/ITO electrodes 
The immobilization of ccNiR on ITO glass electrode was achieved by drop casting the enzyme 
solution onto the WO3 nanoparticles modified electrodes. Resonance Raman (RR) spectros-
copy was used to evaluate the structural integrity of ccNiR after immobilization, on the level of 
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the active site and other heme groups, by comparison with the RR spectrum of the native en-
zyme in solution. Upon excitation into Soret band of electronic absorption spectra, RR spectra 
of heme proteins display, in the high frequency region, redox, spin and coordination state 
marker bands [7]. A careful inspection of ccNiR deposited on W1, W2 and W3 demonstrates 
that the enzyme is in ferric, low-spin state, as the 4 , 3, 2 and 10 are present at 1373 cm-1, 
1504 cm-1 1587 cm-1 and 1635 cm-1, respectively. The band frequencies, bandwidths and their 
relative intensities are similar of the RR spectrum of the native enzyme in solution [8], which is 
dominated by the large number of 6-coordinated low spin heme moieties in the complex. Note 
that poor S/N is due to extremely short accumulation times and low laser power employed to 
minimize the enzyme photo-reduction. It, nevertheless, could not be fully avoided, as demon-
strated by the presence of narrow band at 1360 cm-1, indicative of ferrous ccNiR. The intensity 
of this band is in direct correlation with the exposure of the sample to the laser beam, being pre-
sent in the spectra even for the shortest accumulation times and laser power, due to the static 
nature of the experimental set-up. Furthermore, confocal Raman measurements allowed prob-
ing the WO3 film layer below the casted ccNiR. The spectra were identical to those shown in 
Figure S 5.2, confirming that none of the three films was affected by the presence of the en-
zyme (data not shown). 
 
Figure S 5.6. Resonance Raman spectra of ccNiR immobilized in WO3/ITO electrodes, measured 
with 413 nm excitation, 1.2 mW laser power and 5 s accumulation time, at RT. Each spectrum 
represents a sum of 5 individual spectra. 
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Solution-processed field-effect transistors are strategic building blocks when considering low-cost 
sustainable flexible electronics. Nevertheless, some challenges still need to be overcome in order 
to achieve high-performance transistors. Processing temperature reduction, reliability, reproduc-
ibility in large areas and cost effectiveness are presently the main concerns both for the semicon-
ductor and dielectric layers. This work reports electrolyte-gated transistors using as channel layer 
Gallium-Indium-Zinc-Oxide nanoparticles produced by solvothermal synthesis combined with a 
solid-state electrolyte based on aqueous dispersions of vinyl acetate stabilized with cellulose de-
rivatives, acrylic acid ester in styrene and lithium perchlorate. The devices fabricated using this 
approach present a ION/IOFF up to 106, threshold voltage (VTh) of 0.3-1.9 V and mobility up to 1 
cm2/V·s, function of Gallium-Indium-Zinc-Oxide ink formulation and annealing temperature. Elec-
trolyte-gated transistors are a viable and promising alternative for nanoparticle based semicon-
ductor devices as the electrolyte promotes a better interface and more efficient step coverage of 
the channel layer, reducing the operating voltage when compared with conventional dielectrics 
gating. Moreover we notice that by controlling the applied gate potential it is possible to change 
the operation mechanism of the electrolyte-gated transistors from electric double layer to electro-
chemical doping. 
6.2. Introduction 
The aim of low cost and sustainable devices, for a broad range of fully disposable commodities, 
has resulted in an increased interest in solution based deposition technologies and nanomaterials 
that are able to produce devices with enhanced performance and low power consumption.[1] 
The first work of electrolytes used in transistors was reported in 1954 by Brattain and col-
laborators at Bell Labs.[2] At that time, the main goal was to reduce the surface defects of point 
contact in germanium transistors by adjusting the surface potential. Only 30 years later the use 
of electrolyte-gated transistors (EGTs) became popular, especially for organic transistors with the 
pioneer work of Wrighton et al.,[3] taking profit of the reversible electrochemical oxidation of the 
semiconducting polymers.  
Recently, EGTs are once again attracting significant attention mainly due to the low oper-
ating voltage compared to conventional thin-film transistors (TFTs). This arises from the high ca-
pacitance of the electrolytes, usually in the order of 1-10 µF cm-2, which exceeds the capacitance 
of high-κ dielectrics like Ta2O5 by at least one order of magnitude and even the one of ultrathin 
dielectrics based on self-assembled monolayers by a factor of ~5.[4] Furthermore, the static ca-
pacitance of the electrolyte is nearly thickness independent, resulting in large process margins, 
hence in increased yield when scaling the device fabrication to industrial applications. In particu-
lar, making this type of transistors attractive for roll-to-roll printing on flexible substrates.[5] Figure 
6.1 schematically illustrates and compares a conventional dielectric and an electrolyte-gate insu-
lator, showing the voltage profile and the electric field distribution when a positive voltage is ap-
plied to the gate electrode. 




Figure 6.1. a) Comparison of the cross section of an inorganic GIZO based nanoparticles tran-
sistor using a conventional dielectric film and an electrolyte; b) Schematics of the voltage (V) and 
electric field (E) distributions in a conventional dielectric and in electrolyte gate insulator when a 
positive gate voltage is applied; c) Schematics of the transistors architecture for a conventional 
structure incorporating thick gate dielectric (~100 nm) and for an EGT in which the gate dielectric 
is replaced by a polymer electrolyte, with indication of both EDLs at the gate/electrolyte and sem-
iconductor/electrolyte interfaces. 
 
So far, the drawbacks of the EGTs are related to large leakage currents and high switching 
times, as well as large parasitic capacitances, especially when integrated in an electric circuit.[4] 
Recent studies have been reported describing several attempts to overcome such issues never-
theless, the operation behavior of these transistors is still not fully understood. In the present 
study, the operation mechanism of the EGTs have been distinguished in two different types, de-
pending on the semiconductor material permeability to ions existing in the electrolyte and on the 
applied gate voltage.[4] When a positive gate voltage is applied, negative and positive ions accu-
mulate at the gate/electrolyte and semiconductor/electrolyte interfaces, respectively, originating 
two electrical double layers (EDL).[6] The charging mechanism on this type of transistors with 
impermeable semiconductors is similar to that of field-effect transistors, since the EDL promotes 
a charge carrier accumulation (or depletion) in the transistor channel (Figure S 6.1a). These are 
designed as electric double layer transistors (EDLTs), and the active electrical thickness that en-
ables channel modulation is in general much smaller than the geometric thickness of the electro-
lyte, thus resulting in a high electric field.[7] 
When reversible electrochemical doping of the semiconductor (oxidation and/or reduction) 
occurs due to a high gate voltage or/and to the permeability of the semiconductor to ions, the 
electric double layer is only formed exclusively on the gate/electrolyte interface, as the ions are 
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expected to diffuse into the semiconductor layer (Figure S 6.1b). This type of transistors are 
designed as electrochemical transistors (ECTs).[4,6] It is already known from organic ECTs,[8,9] 
that the ions present in the electrolyte will influence the conductivity of the channel layer. Never-
theless, the understanding of the mechanism behind this process is still under investigation, es-
pecially regarding inorganic semiconductors. From a practical point of view, EDLTs can be more 
interesting than ECTs as the electrochemical doping of the semiconductor can be inhibited or 
controlled avoiding the high leakage current normally associated to ECTs. 
Oxide semiconductors are already recognized as an important class of materials for elec-
tronic applications [10] either in crystalline or amorphous structures.[11,12] One advantage of 
these materials is the possibility to modulate their optical and electrical properties by changing 
the composition and/or deposition conditions. Moreover, these materials are already being used 
in stable and reliable electronic devices with outstanding performances.[11] For this propose, the 
multicomponent oxides are interesting due to the role of the different metal cations in the conduc-
tion mechanism.[12,13] The use of sputtered gallium-indium-zinc oxide (GIZO) with different 
atomic ratios as semiconductor in TFTs with superior electric performance was already widely 
demonstrated.[12,14–16] GIZO TFTs can also be solution-processed, which has been consid-
ered as an option for low-cost fabrication. The research activities in this particular deposition 
method have been focused in two main routes: molecular precursor[17,18] or nanoparticles dep-
osition.[19] For this last route, EGTs are particularly interesting as the electrolyte promotes a more 
efficient step coverage of the channel layer.[20] 
So far, not many studies were reported regarding EGTs based in inorganic nanoparticles 
as semiconductors (Table 6.1) but mimicking the results observed with organic semiconductors, 
implementation of these materials in EGTs offers opportunities to improve carrier mobilities and 
greatly reduce operating voltages and subthreshold slope, while increasing processing tolerances 
and potentiating lower fabrication costs.[4] 
 
Table 6.1. Key factors of the reported work for EGTs with metal oxide nanoparticles: deposition 
technique, post-treatment, electrolyte, channel width to length ratio (W/L), on-off current ratio 











[cm2 (V s)-1] 
SS  
[V dec-1] 
ZnO [21] Spin coating 100 ºC PVP -- 106 11.6 20 23.8 0.67 
ZnO NR [20] Drying  150 °C  Ionic liquid  50  4 x 104  -1  1 5.5 -- 
ZnO NW [22] Harvesting  -- CSPE a) -- 107  0.93  0.5 62  0.12 
ITO [23] Inkjet printing 400 °C  CSPE a) 8  2 x 104  -0.22  0.8 5  -- 
In2O3 [24] Inkjet printing  -- PVA + KF  12  2 x 10
3  0.54  0.4 0.8-0.26  -- 
a) (Composite solid polymer electrolyte) 
 
In the present work, it has been developed GIZO nanoparticles by solvothermal synthesis 
with an initial atomic ratio of 2:7:1 in Ga:In:Zn, which was based on previously reported studies. 
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[11,12] This approach is expected to result in EGTs with an acceptable compromise between low 
threshold voltage (VTh close to 0 V) and high mobility, aiming the enhancement of the devices 
performance with low power consumption. To the authors’ knowledge, the study of the operation 
mechanism of inorganic EGTs by changing the ink composition, annealing temperature and ap-
plied gate voltage range has never been reported. 
6.3. Experimental Section 
Solvothermal synthesis and characterization of GIZO nanoparticles 
All reagents were used without further purification. Gallium nitrate hydrate (Ga(NO3)3·xH2O, 
Sigma-Aldrich, 99.9 %), indium acetate (In(CH3COO)3, Sigma-Aldrich, 99.99%) and zinc acetate 
(Zn(CH3COO)2·2H2O, Sigma-Aldrich, 99.5 %) were dissolved in 2-methoxythanol (6 mL, Fluka, 
99 %) with a molar ratio of 3:6:2, respectively, and left stirring at 50 ºC for one hour with ethano-
lamine (0.2 mL, Fluka, 98 %). The final solution was transferred to a 23 mL PTFE (polytetrafluo-
roethylene) chamber, set inside a stainless steel autoclave (4745 general purpose vessel, Parr) 
and installed in an oven (L3/11/B170, Nabertherm) at 180 C for 24 hours. The product of syn-
thesis was collected by centrifugation at 4000 rpm for 5 min (F140, Focus instruments) and dis-
persed in ethanol (20 mL).  
Morphological and structural characterization of GIZO nanoparticles was performed by Scan-
ning Electron Microscopy (SEM) combined with Focused Ion Beam (FIB) using a Carl Zeiss AU-
RIGA CrossBeam workstation coupled with energy dispersive X-Ray spectroscopy (EDS), and 
by transmission electron microscopy (TEM) using a Hitachi H8100 instrument operated at 200 
kV, also equipped with EDS. For the FIB experiments the GIZO particles were previously coated 
with a carbon sacrificial layer, Ga+ ions were accelerated to 30 kV at 50 pA and the etching depth 
was around 2 µm. The EDS was employed in 10 different samples to determine the composition 
of GIZO.  For TEM experiments a drop of the sonicated dispersion was deposited onto 200-mesh 
copper grids covered with formvar and allowed to dry before observation. X-ray diffraction meas-
urements have been performed using a PANalytical’s X’Pert PRO MRD diffractometer with CuK 
radiation. The XRD data have been acquired in the 10–70 o 2 range, with a step size of 0.016 º. 
GIZO thin film deposition and characterization 
The GIZO dispersion was mixed with ethylene glycol (Pronalab, 99.5 %) in two different weight 
proportions (1.4:0.6 and 1.6:0.4) in order to study the ink stability and its effect of on the properties 
of the devices. From now on, the ink with a weight fraction of EG 30 % is named as GIZO30 and 
the ink with 20 % of EG as GIZO20. Different weight fractions were also tested but the produced 
EGTs did not present any significant electric results (not shown). The solutions were left stirring 
for 24 hours, and prior to deposition were sonicated for two minutes and filtered with a 0.45 µm 
porous diameter filter. 
Glass substrates (1737, Corning) were cleaned by sonication in acetone and isopropanol and 
activated by UV-ozone during 30 minutes. Deposition of the final GIZO ink was performed by spin 
coating 4 layers at 2000 rpm during 35 s and rapidly drying at 100 ºC for 1 min between each 
layer. After deposition, the substrates were annealed at 350 and 250 ºC for 1 h. GIZO inks were 
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characterized by differential scanning calorimetry and thermogravimetry (DSC-TG), accom-
plished directly with the solution in air with a heating ramp of 5 C/min starting from RT up to 600 
C (STA 449 F3 Jupiter, Netzsch) while the hydrodynamic diameter was measured by Dynamic 
Light Scattering (DLS) technique (W130i Avid Nano). The optical band gap was calculated from 
the UV-visible spectra of the deposited thin films in glass (UV/VIS/NIR Lambda 950, PerkinElmer) 
and the surface roughness of the films was analyzed by atomic force microscopy (AFM) in a 
commercial microscope (Asylum research MFP-3D). The raw data was processed using planefit 
order 1 and flatten order 0 available in AFM software (IgorPro software). The nanoparticles size 
distribution was measured using Gwyddion software and scaled according to the magnification 
quoted by the microscope software. 
Solid-electrolyte layer deposition and characterization 
Composite solid polymer electrolyte (CSPE) was achieved by mixing an aqueous dispersion of 
acrylic acid esther in styrene stabilized with emulsifiers (pH 8, batch DM9764, Resiquímica), 
aqueous dispersions of poly vinyl acetate (PVAc) stabilized with cellulose derivatives (pH 4, batch 
2045, Resiquímica) and lithium perchlorate (LiClO4, Sigma-Aldrich, 98 %). The mixture was 
stirred at room temperature for 1 h and deposited by spin coating at 2500 rpm during 2 min. The 
films were left to dry at room temperature for 8 hours. Electrochemical characterization of the 
electrolyte was performed in a typical capacitor structure by depositing the electrolyte between 
two ITO-covered glass substrates (10 /sq, Xinyan Technology) with an active area of 1 cm2. 
Electrochemical impedance spectroscopy (EIS) was performed in a frequency range of 1 to 106 
Hz with 10 mV AC voltage while cyclic voltammetry was achieved in a potential range between 2 
and -2 V with a scan rate of 50 mV/s in a potentiostat (600TM Gamry Instruments). 
Electrolyte-gated transistor assembly and characterization 
Top-gated structure was achieved in several successive steps (Figure S 6.2). GIZO ink was firstly 
deposited by spin coating on glass substrates. Source and drain contacts of titanium (6 nm) and 
gold (65 nm) metals were then e-beam evaporated (home-made apparatus) and defined with a 
shadow mask. The electrolyte layer (14 µm) was deposited on top by spin coating and patterned 
manually. The top gate of IZO (indium zinc oxide, 200 nm) was deposited by radio frequency 
(13.56 MHz) magnetron sputtering, using a ceramic oxide target of In2O3:ZnO (89.3:10.7 weight 
fraction, Super Conductor Materials, Inc., 99.99 %). The film was deposited at room temperature 
in the presence of a mixture of argon (20 sccm) and oxygen (0.4 sccm) at a deposition pressure 
of 2×10−3 Pa with a r.f. power of 75 W and a target–substrate distance of 15 cm. [31] The pattern-
ing was achieved by mechanical shadow mask that was aligned in order to get the top-gated 
structure with gate-to-source and gate-to-drain overlaps of 100 µm. In this work we used conven-
tional electrodes made by vacuum processed techniques but fully solution-processed transistors 
can be achieved by replacing the contacts with conductive inks deposited by printing techniques. 
For FIB experiments, Ga+ ions were accelerated to 30 kV at 2 nA and the etching depth was 
around 15 µm. 
The electrical characterization of the transistors was performed using a semiconductor pa-
rameter analyzer (Agilent 4155C) and a microprobe station (Cascade Microtech M150) inside a 
dark box. 
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6.4. Results and Discussion 
6.4.1. Nanoparticles Characterization 
The X-ray diffraction (XRD) measurements of the as-synthesized GIZO nanopowder is presented 
in Figure 6.2a, which is consistent with the presence of reduced-size nanoparticles due to the 
broad peak at 31.88 °. Nevertheless, the phase determination turned to be inconclusive since this 
peak may be attributed to the presence of a nanocrystalline phase of c-In2O [26] (ICDD file num-
ber 006-0416) or h-InGaZn2O5 (ICDD file number 040-0252). The crystallite size was calculated 
from Scherrer equation,[27] with a value of about 2.5 nm. The XRD diffractogram obtained before 
annealing present similarities with the characterization performed for a-GIZO thin films produced 
by pulsed-laser deposition by Nomura et al.[15] So, further analysis conducted by transmission 
electron microscopy (TEM) was crucial to confirm the presence of a nanocrystalline phase in our 
sample. The TEM image (Figure 6.2b) confirms the nanometric individual particles with ~ 3 nm 
and the electron diffraction pattern (inset of Figure 6.2b), showing light rings together with evident 
diffuse halos, suggests a mixture of amorphous and nanocrystalline phases. Further annealing at 
900 ºC was required to distinguish the ternary mixture of oxides. 
 
Figure 6.2. a) XRD diffractograms before and after annealing at 900 ºC and reference ICDD 
diffractograms of c-In2O3, m-Ga2O3 and h-ZnO (file numbers 06-0416, 41-1103 and 05-0664, re-
spectively); b) TEM image of GIZO nanoparticles before annealing (inset shows the diffraction 
pattern of the nanoparticles). 
 
SEM observations (Figure 6.3a-b) illustrates the as-synthesized powder with microstructures 
composed of agglomerates of reduced-size nanoparticles. Only after continuous stirring and son-
ication these agglomerates can dissociate in smaller nanoparticles groups. The Energy-disper-
sive X-ray spectroscopy (EDS) results (Figure 6.3g-h) revealed an atomic ratio of 1.4:4.7:1 in 
Ga:In:Zn, while the initial fraction of the precursors before solvothermal synthesis was of 2:7:1. 
Even if slightly deviated, especially for indium oxide, this is in accordance with the proposed com-
position able to result in transistors with optimal performances.[11,12] The element mapping (Fig-
ure 6.3c-f) shows an even distribution of the 3 metal cations, while the oxygen seems to indicate 
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a higher concentration on the surface, however this effect can be attributed to the 3D shape of 
the microstructure. 
The optical band gap energy calculated for the GIZO nanoparticles dispersed in ethanol re-
sulted in 3.67 eV (Figure S 6.3), which is in accordance with previous results of GIZO thin films 
produced by physical routes.[28] 
 
Figure 6.3. SEM images: a) before and b) after FIB milling; c) –f) EDS mapping of the elements; 
g) EDS spectrum and h) average of the atomic weights performed in 10 samples of GIZO (col-
ored) and their percentages before synthesis (blank). 
 
6.4.2. GIZO Inks and Film Characterization 
The two produced inks were characterized by thermogravimetry (TG) and dynamic light scattering 
(DLS), so that it could be estimated the size and percentage of nanoparticles after sonication and 
filtration processes (Figure S 6.4). From the TG measurements it was observed that the GIZO 
nanoparticles weight fraction varied from approximately 1 to 3 % for inks GIZO30 and GIZO20, 
respectively. The influence of the EG as dispersant can be directly related with the DLS results 
since the mean hydrodynamic diameter of the agglomerates decreases from 100 to 70 nm with 
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the increase of EG proportion in the ink, thus confirming the stabilization effect of this reagent. 
Differential scanning calorimetry (DSC) characterization (Figure S 6.4b) substantiate the full deg-
radation of the solvent and EG at 180 ºC. No further peaks were verified up to 600 ºC, which 
confirms the stable conformation of this structure. 
Atomic force microscopy (AFM) measurements were performed in the substrates annealed 
at different temperatures (see the GIZO20 results in Figure 6.4). The average roughness of the 
films, annealed in the same conditions, varied from 9.3 to 11.7 nm for inks GIZO30 and GIZO20, 
respectively and this difference is related with the ink stability and hydrodynamic diameters de-
termined by DLS. The effect of the annealing temperature was analyzed in the phase angle im-
ages. Phase imaging provided by AFM was already demonstrated as a useful technique to dis-
tinguish features as viscoelasticity, adhesion and also contact area, since it measures the energy 
dissipation involved in the contact between the tip and the material analyzed. [29] In this work, 
the material annealed at 350 ºC shows a more uniform phase angle distribution when compared 
to the material annealed at 250 ºC, which can be due to the presence of some impurities, like EG, 
that was not fully decomposed at lower temperature. Even if the DSC-TG characterization con-
firmed the full decomposition of EG at a lower temperature (180 °C), this difference can be related 
with heat dissipation between the hot plate and the film surface. The presence of small amounts 
of dispersant in the material will influence negatively on the electric and electrochemical response 
of the samples since it reduces the electric paths between source and drain through the GIZO 
nanoparticles. 
AFM results also allowed the determination of the nanoparticles sizes distribution. A mean 
diameter of 18 nm was obtained in all measured materials, which is lower than the hydrodynamic 
diameters (70-100 nm) measured by DLS. This can be expected since the hydrodynamic diame-
ter of the nanoparticles is measured in the dispersions and gives information of the inorganic core 
along with the solvent layer attached to the particle as it moves under the influence of Brownian 
motion. Thus, the AFM values are more representative of the real size of the nanoparticles. More-
over, no significant size deviations were detected between the substrates with different ink com-
positions and annealing temperatures.  
 




Figure 6.4. AFM topographic and phase images of GIZO20 films annealed at: a) 250 ºC and b) 
350 ºC. The inset corresponds to the nanoparticles radius size distribution measured with the 
Gwyddion software. 
6.4.3. Electrolyte Characterization 
The solid electrolyte used in this work consists in a mixture of two thermoplastic polymers with 
LiClO4, which can be easily deposited by spin coating and dried at room temperature, thus called 
composite solid polymer electrolyte (CSPE). Solid electrolytes are a good approach for EGTs 
since they can minimize and solve some of the problems associated to liquid electrolytes such as 
poor mechanical properties, problems in fabrication and also safety issues (leaking and hazard-
ous environmental effects).[30–33] 
The electrochemical characterization of the electrolyte was performed in a capacitor struc-
ture (ITO/electrolyte/ITO) and the impedance magnitude and phase angle were measured in the 
frequency range of 1 to 106 Hz (Figure 6.5a). Below 1 kHz the phase angle between current and 
voltage levels at around -90 °, while at high frequencies it gets close to zero indicating a transition 
from a capacitive to a purely resistive response.[4] The transition between the two regions, at a 
phase angle of -45 °, can be associated with the ionic relaxation and the EDL formation.[34] In 
the EDL formation regions, as the frequency becomes higher, the measured capacitance de-
creases. Accordingly, the specific capacitance obtained directly from the acquisition software also 
drops at higher frequencies. The frequency at which the capacitance starts to increase, is strongly 
dependent on the device configuration, such as size and dielectric thickness. For fast responses, 
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this frequency value must be as high as possible.[35] When the frequency decreases to 1 Hz, the 
capacitance gradually increases up to 2.6 µF cm-2. Even if some authors consider this value as 
the double-layer capacitance (CDL), in the present work the value was corrected according to 
studies previously reported[36,37] and using Equation 6.1: 






where Y0 is the bulk capacitance, Rs the solution resistance and  is a constant (between 0 and 
1). These parameters were obtained from the fitting results of the equivalent circuit (represented 
in Figure 6.5a) with a constant phase element (CPE) instead of a perfect capacitor. The resulting 
double layer capacitance of 0.85 µF cm-2 for this electrolyte is in the frontier of the usually reported 
values (> 1 µF cm-2) for electrolyte-gated transistors. Nevertheless, this CSPE was considered, 
since it is compatible with solution deposition techniques allowing a good control of the layer 
thickness.  
The conductivity was calculated according to Equation 6.2: 
𝝈 = l ∕ (𝑹𝒆∙A) (6.2) 
where l is the thickness of the electrolyte, A is the surface area of the sample and Re is the bulk 
electrical resistance (1.3  103 ), resulting in a conductivity of 1.8  10-6 S cm-1.  
Cyclic voltammetry (CV) was performed in the potential range of 2 to -2 V and the measured 
current is mainly capacitive with no major faradaic contribution (Figure 6.5b). 
 
 
Figure 6.5. a) Impedance modulus (□), phase angle (○) and capacitance (Δ) plot from EIS meas-
urement (the inset represents the equivalent electric circuit, where R is the resistance, W the 
Warburg and CPE the constant phase elements) and b) Cyclic voltammogram of ITO/electro-
lyte/ITO capacitor structure at a scan rate of 50 mV/s. EIS conditions: alternative voltage 10 mV 
and frequency range 1-106 Hz. 
6.4.4. EGTs Characterization 
Focused ion beam (FIB) experiments allowed the determination of the EGTs layers thicknesses. 
The analysis shows that the GIZO nanoparticles film is 30-40 nm thick and the electrolyte layer 
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measures approximately 12 µm. Even if already demonstrated by AFM, it is visible that the GIZO 
nanoparticles form a continuous layer where the relatively rough surface of the nanoparticles is 
totally covered by the electrolyte in the channel region. The difference in the GIZO layer thickness, 
when using different deposition conditions, was negligible in this sizes range. 
Electrical characterization of the EGTs was performed at room temperature and in air. The 
resume of the results can be found in Table 6.2 for the two ink compositions, two annealing 
temperatures and different gate voltage range.  
Saturation (µSAT) and linear mobilities (µLIN) were calculated accordingly with the Equations 
6.3 and 6.4 for FETs:[11]  






















  (6.4) 
where, W/L corresponds to the width and length ratio of the channel, ID is the drain current, VG 
the gate potential, VD drain potential and C to the capacitance. 
Subthreshold swing (SS) was given by Equation 6.5:[11] 









Table 6.2. Resume of the electric characterization of the produced EGTs: channel weight and 
length ratio (W/L), drain voltage (VD), gate current range (VG), on-off current ratio (ION/IOFF), thresh-
old voltage (VTh), mobility (µ) and subthreshold swing (SS). 
 Post- 
treatment  







[cm2 (V s)-1] 
SS* 
[V dec-1] 
GIZO30 250 ºC 35 1 -10 to 10 1  104 1.6 0.1 (µSAT) 0.22 
GIZO20 1  105 1.9 1 (µSAT) 0.24 
GIZO30 350 ºC 15 0.5 -2 to 2 8  103 0.7 2  10-2 (µLIN) 0.09 
GIZO20    1  106 1.4 1 (µLIN) 0.11 
GIZO30 350 ºC 15 0.5 -2 to 1 1  103 0.6 6  10-3 (µLIN) 0.09 
GIZO20    5  103 0.3 2  10-2 (µLIN) 0.09 
* Both µ and SS were calculated in the forward sweep direction, from negative to positive gate voltage. 
 
EGTs produced at 250 ºC, when compared with the 350 ºC, required higher VD and VG in 
order to obtain ION/IOFF values in the 104-105 range. This fact can be related with the dispersant 
presence (EG), as demonstrated in the AFM phase images. The EGTs annealed at 350 ºC show 
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lower VTh and subthreshold swing (SS) at a considerable smaller VG sweep (-2 to 2 V), indicative 
of a higher-quality channel layer. This improved performance is attributed to an enhancement of 
the degree of nanoparticles compactness (fully dispersant degradation and higher number of con-
ductive paths between the nanoparticles), leading to a more homogenous and uniform film. More-
over, the reduction of the GIZO defect density results in a lower subgap density of states and 
hence in an easier movement of the Fermi level towards the conduction band as VG increases. 
Similar behavior was reported for GIZO TFTs prepared by physical deposition routes.[38] 
For the EGTs annealed at 350 ºC, the ION/IOFF decreases substantially when VG is swept 
between -2 and 1 V. Furthermore, the hump observed in the transfer characteristics at VG ≈ 1 V 
suggests that a different operation mechanism starts to be dominant above this VG value. This 
leads to the conclusion that the operation mechanism is different and depends on this parameter. 
To corroborate this conclusion, the IG was also compared in the two operation modes. The trans-
fer characteristics, gate current and output characteristics are shown in Figure 6.6. For the case 
of a wider VG range, the IG is not totally flat which can indicate the occurrence of redox reactions 
and consequently doping of the semiconductor (ECT). This is more evident for the sample 
GIZO20, which can be related to the ink properties that generates a thicker film with more electric 
conduction pathways between source and drain due to the lower amount of dispersant. Never-
theless, since the gate leakage doesn’t increase significantly, evidence of a breakdown, it sug-
gests that this type of operation mechanism is also possible in inorganic semiconductors. [4] IG is 
mainly due to the parasitic capacitance of the electrolyte, commonly observed in EGTs, and can 
be further minimized by changing the configuration of the transistor and by reducing the sizes of 
the components, like the gate-to-source and gate-to-drain overlaps. 
For a narrow VG range, from -2 to 1 V, IG is mainly capacitive thus revealing the occurrence 
of electric double layer in the semiconductor/electrolyte interface (EDLTs). Nevertheless, SS is 
not expected to benefit from this operation mechanism, as it is more affected by the properties of 
the semiconductor film than by the occurrence of doping (redox reactions) in the interface. Thus, 
in the transistors annealed at 250 ºC, SS increases due to the presence of dispersant in the films. 
This also suggests that the electrochemical doping of the semiconductor occurs only into few 
nanometers in depth and not in the bulk semiconductor.[6] Being In2O3 the main component of 
the semiconductor with a theoretical isoelectric point of 8.7,[39] the surface of the semiconductor 
is positively charged at the working pH from the electrolyte (below 8). This effect would also con-
tribute for a low level of Li+ doping (repulsive effect) into the semiconductor surface.  
All produced EGTs show hysteresis of the drain current due to the slow ion motion in the 
solid electrolyte or to some charge trapping effects.[40] Nevertheless, the clockwise direction of 
the hysteresis is consistent with trapping effects that are clearly reduced in the transistors oper-
ating in EDL mode,[14] given that for the lower VG sweep charges are only induced (not injected) 
in the semiconductor layer by a capacitive effect, resulting in a lower density of charges that have 
to be drawn during the reverse direction of the VG sweep. 
The negative differential resistance, occurring in both operation modes, suggests an ad-
sorption process at the nanoparticle surface.[24] In addition, ID increases with increasing VG, con-
firming the n-type behavior of the GIZO nanoparticles. 




Figure 6.6. Transfer characteristics, gate current with different gate voltage ranges (the red 
dashed line corresponds to VG from -2 to 1 V and the solid black line from -2 to 2 V) and high 
resolution SEM image, after FIB milling, of the cross-section of EGT built with: a) GIZO30 and b) 
GIZO20 after 1 h annealing at 350 C. Transfer characteristics and gate current were measured 
with 0.5 s delay time and the arrows represent the sweep direction.  
 
Comparing with the previously reported results for EGTs based on metal oxide nanoparti-
cles (Table 6.1), this results are in the same order of magnitude, but using for the first time a 
ternary oxide nanoparticles, which should bring advantages in terms of further device optimiza-
tion, as the semiconductor properties, which are heavily dependent on the relative cationic con-
centration. The evaluation of the influence of the ink composition, annealing temperature and 
applied gate voltage allowed the discussion of the operation mechanisms that can occur in such 
type of transistors. 




In the present work, metal oxide GIZO nanoparticles were synthesized and employed as semi-
conductor layer, which used a composite solid polymer electrolyte as gate insulator in EGTs. The 
effect of the ethylene glycol as dispersant reveals the importance of achieving the right proportion 
in the ink formulation in order to get a stable solution, however without reducing the electric con-
duction paths between source and drain contacts, after ink deposition. The annealing temperature 
was crucial to reduce the defect density of GIZO film that allowed VTh closer to 0 V with full deg-
radation of the dispersant (ethylene glycol) and therefore, lower operating voltages. The depend-
ence of the gate voltage in the electrical performance of the EGT was also investigated. The 
operation mechanism of the transistors was evaluated and it was shown evidences that the mech-
anism can vary from electric double layer to electrochemical doping, when increasing the gate 
voltage range, which allowed an improved ION/IOFF and mobility values without the occurrence of 
voltage breakdown. 
Further characterization and development of solid electrolytes and better understanding of 
the structure of the transistor are essential in order to improve EGTs performances. Nevertheless, 
this study proves that GIZO nanoparticles can easily be incorporated in EGTs compatible with 
solution-processed technologies, low process temperature and flexible devices, demanded for 
several applications, as flexible electronics and sensors. 
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6.8. Supporting Information 
Semiconductor/electrolyte interface of an electric double layer and electrochemical 
transistors 
The EDL (Figure S 6.1a) is formed by three distinct regions: inner Helmholtz plane (IHP), outer 
Helmholtz plane (OHP) and diffusion layer (DL). The first region consists in the adsorbed ions on 
the surface, the second the solvated ions in contact with the surface and the diffusion layer is 
dependent of the ions concentration in the bulk of the electrolyte. For high ion concentration, the 
contribution of the diffusion layer and adsorbed ions to the EDL can be neglected. In this case, it 
is determined by the solvated ions, which are usually considered as being confined in a region 
with a thickness of 1 nm.1 
The charging mechanism of electric double layer transistors (EDLTs) transistors is similar 
to that of field-effect transistors since the EDL promotes a charge carrier accumulation (or 
depletion) in the channel of the transistor (Figure S 6.1a), while for electrochemical transistors 
(ECTs) the EDL is only formed in the gate/electrolyte interface since the ions will diffuse into the 
semiconductor layer (Figure S 6.1b). 
 
Figure S 6.1. Schematic representation of the semiconductor (green)/electrolyte (blue) interface 
when a positive gate voltage is applied, considering: a) electric double layer and b) electrochem-
ical operation modes. 
 1 a) Ueno, K.; Shimotani, H.; Iwasa, Y.; Kawasaki, M. Electrostatic Charge Accumulation Versus 
Electrochemical Doping In SrTiO3 Electric Double Layer Transistors, Appl. Phys. Lett., 2010, 96, 252107; 
b) Shimotani, H.; Asanuma, H.; Tsukazaki, A.; Ohtomo, A.; Kawasaki, M.; Iwasa, Y. Insulator-to-metal 
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Scheme of the final transistor structure 
A common layer of GIZO layer was deposited by spin coating as semiconductor on glass. Source 
and drain contacts were produced by e-beam using a shadow mask and the electrolyte deposited 
on top by spin coating. The access to the contacts was defined manually by scratching the elec-
trolyte. Finally, the IZO top gate was produced by sputtering with a shadow mask where gate-to-
drain and gate-to-source overlaps were both set to 100 µm (as demonstrated in Figure S 6.2). 
No photolithography processes were used. 
 
 
Figure S 6.2. Final transistor structure with top gate, electrolyte and GIZO nanoparticles as sem-
iconductor 
 
Absorption spectra of GIZO nanoparticles dispersion 
The optical band gap energy of the GIZO nanoparticles dispersed in ethanol was calculated using 
the Tauc’s plot (Figure S 6.3) and by applying the equation: 
h = A(h – Eg)n  
where A is a constant, h is the corresponding photon energy,  is the absorption coefficient and 
n depends on the type of the optical transition. For crystalline semiconductors n is ½ or 2 for direct 
or indirect allowed transitions, respectively.1 A better fitting of the experimental data was obtained 
when considering direct allowed transitions, which resulted in an optical band gap of 3.67 eV. The 
calculated value is in-between the reported values for the single crystalline oxides2 with direct 
band gap transitions at 3.37 eV for ZnO, 3.6 eV for In2O3 and 4.9 eV for Ga2O3. Furthermore, the 
result is in accordance with previous results of GIZO thin films produced by physical routes.3 
 




Figure S 6.3. Tauc’s plot for GIZO nanoparticles dispersion. 
 
DLS and DSC-TG characterization of the GIZO inks in ethylene glycol 
The size distribution of GIZO agglomerates after filtration confirm the effect of the dispersant 
agent; lower amount of ethylene glycol (EG) produces larger agglomerates (GIZO20). The size 
of the agglomerates in solution is below 100 nm but this number is increased by the solvation 
layer (Figure S 6.4a). After deposition both inks produced a continuous layer of nanoparticles.  
Thermal stability of the prepared inks was evaluated by DSC-TG experiment performed at 
room temperature in air. The nanoparticles weight fraction was calculated as the remaining weight 
fraction after solvent and dispersant degradation. The dispersant is fully degraded at 180 ºC and 
no further peak was observed up to 600 ºC, which revealed a good stability of the oxide phase 







1 Granqvist, C. G., Handbook of Inorganic Electrochromic Materials, Elsevier, Amsterdam, 
Netherlands, 2002. 
2 a) Tahir, D.; Lee, E. K.; Kwon, H. L.; Kun Oh, S.; Kang, H. J.; Heo, S.; Lee, E. H.; Chung, J. G.; 
Lee, J. C.; Tougaard, S. Electronic and optical properties of GIZO thin film grown on SiO2/Si substrates, 
Surf. Interface Anal. 2010, 42, 906; b) Kang, D.; Song, I.; Kim, C.; Park, Y.; Kang, T. D.; Lee, H. S.; Park, 
J.-W.; Baek, S. H.; Choi, S.-H.; Lee, H. Effect of Ga∕In ratio on the optical and electrical properties of 
GaInZnO thin films grown on SiO2∕Si substrates, Appl. Phys. Lett. 2007, 91, 091910.  



























Figure S 6.4. a) DLS size distributions and b) DSC-TG curves performed in air up to 600 ºC, for 
the two GIZO inks after filtration.  
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Chapter 7.  CONCLUSIONS AND FUTURE 
WORK 
In this work, metal oxides nanoparticles with different morphologies and structures were success-
fully produced and characterized. Owing to the broad variety of electrochemical devices and ap-
plications, it was selected 4 types of devices. 
  
1) Electrochromic device: Tungsten oxide nanoparticles with different crystallographic struc-
tures and morphologies were deposited by inkjet printing to form dual-phase films. The 
a-WO3/ortho-WO3·0.33H2O electrode show the higher optical density due the increased 
active surface area of the nanorods combined with the type of structure with improved 
ionic conductivity. Furthermore, ex-situ XRD performed in the nanoparticles shows a 
higher deformation of the monoclinic crystal structure (m-WO3) during lithiation with a not 
fully reversible process. Nevertheless, all the presented results proves the benefit of using 
dual-phase structures when building electrochromic devices. 
 
2) pH sensor: Nanostructured WO3 probes were produced by electrodeposition on gold 
electrodes with a sensing area of 1 mm2. The wax printed layer, here used as an insulator, 
was proven to be cytocompatible and therefore, a good alternative for sensor assembly. 
The pH sensitivity of these electrodes shows a near-Nernstain response of -56.7 ± 1.3 
mV/pH and reversibility was confirmed for three complete cycles in a pH range of 9 to 5. 
The application of WO3 flexible sensors to curved surfaces with a flexible Ag/AgCl refer-
ence electrode and solid electrolyte, shows a linear response in the pH range from 8 to 
6, with a sensitivity of 14.5 mV/pH but with good possibilities of improvement. 
 
3) Biosensor: The electron transfer properties of the WO3 nanoparticles were distinguished 
using three different iron based electron transfer probes, where it was demonstrated that 
the higher conductivity of the ortho-WO3·0.33H2O nanostructures contributed for faster 
and reversible redox reactions of cytochrome c. Importantly, upon the fabrication of the 
biosensor, the structural and catalytic properties of ccNiR were preserved upon interac-
tion with all three nanostructures; the ccNiR modified electrodes showed good electroac-
tivity towards the reduction of nitrite. The comparison with bare ITO electrodes clearly 
demonstrated that ccNiR/WO3/ITO constructs represent a promising alternative for ccNiR 
based 3rd generation biosensor. In fact, the sensitivities of 2143 mA M-1 cm-2 are similar 
to those obtained for single-walled carbon nanotubes.  
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4) Electrolyte-gated transistor: GIZO nanoparticles were deposited by spin coating and used 
in electrolyte-gated transistors, which promotes a good interface between the semicon-
ductor and the dielectric. The produced transistors work at low potential and with im-
proved ON-OFF current ratio, up to 6 orders of magnitude. The annealing temperature 
was crucial to reduce the defect density of GIZO film that allowed VTh closer to 0 V with 
full degradation of the dispersant (ethylene glycol) and therefore, lower operating volt-
ages. The dependence of the gate voltage in the electrical performance of the EGT was 
also investigated. The operation mechanism of the transistors was evaluated and it was 
shown evidences that the mechanism can vary from electric double layer to electrochem-
ical doping, when increasing the gate voltage range, which allowed an improved ION/IOFF 
and mobility values without the occurrence of voltage breakdown. 
 
The variety of fields addressed in this dissertation demonstrates the need to use a multi-
disciplinary approach when dealing with nanoscience and provides a broad view of the potential-
ities presented by these materials and devices developed during this work. Summarizing, the 
solvothermal synthesis is a very versatile method to control the growth and morphology of the 
nanoparticles and can be adapted to different types of metal oxide nanostructures. The low tem-
peratures and reduced-cost techniques used in the production of the devices are compatible with 
flexible substrates and can, potentially, be adapted for disposable devices. Simultaneously, the 
use of nanomaterials in the devices contributes for the miniaturization and versatility demands in 
nanotechnology. 
 
7.1. Future Perspectives 
Since research work is a continuous process, many questions and different paths remain to be 
answered and explored. In this section, some recommendations and future perspectives are ad-
dressed regarding the different fields presented in this thesis. 
 
Electrochromic devices 
The development of stable dispersions and new deposition techniques opened the possibility to 
produce nanostructured electrodes with improved stability, life time and low power consumption, 
which are promising characteristics to replace the dual-phase electrodes. The ortho-
WO3·0.33H2O nanorods show to be promising candidates to develop electrochromic devices with 
a good optical modulation and reduced working times, due to its hydrated structure and high 
surface area. 
Also the high capacitance of V2O5 and Ni(OH)2 nanostructures makes this materials very promis-
ing for counter-electrodes of the electrochromic devices, which combined with the WO3 electrodes 
can be a good solution to develop fully nanostructured devices. 
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The main concern in the development of these devices is the electrolyte. So far, solid electrolytes 
presents poor performances in terms of ionic conductivity and longtime stability which are crucial 
parameter for a good electrochromic performance of the electrodes. Thus, further optimization of 
the solid electrolytes should be evaluated. 
 
Sensing devices 
The optimization of the sensing performances of WO3 are at the present moment being analyzed 
with a complete study of the deposition conditions and its reproducibility. Nevertheless, 
nanostructured metal oxides, in general, can be suitable as sensing probes due to the high sur-
face area and capacitance, and should be tested accordingly. 
For the fabrication of flexible devices, the conductive layer can be modified with the use of a 
conductive ink, making it fully solution processed. Also, the test in curve surfaces should be con-
ducted in liquid electrolytes before developing a better interface suitable for solid analytes.  




The application of electrolyte-gated transistors with organic semiconductors are already devel-
oped for sensing applications, and it should also be further explored with the use of oxide semi-
conductors. The adaption of the transistor structure to liquid analytes can be a good alternative 
to improve the limit detection of different types on ions in solution. 
For electronic purposes and for further miniaturization of the transistors, the double layer of the 
electrolyte should also be improved as well as the deposition techniques should be adapted for 
scaling compatible techniques.  
 
In general, I believe that the future is nano! 
 
Nanotechnology and nanoparticles are already present in our daily life. The metal oxide nanopar-
ticles are just a small part of all the nanoparticles developed in the world and even so, the appli-
cation possibilities are already huge. The use of flexible substrates opened the window for wear-
able applications and the consumers are already available for this opportunity. The possibility to 
monitor body signals continuously is already available in the market (Figure 7.1) and, in the near 
future will be worn by most people. To get there, the development of cheaper and stable compo-
nents is still required, not only the sensing devices but also batteries, displays, firmware and 
memories. Considering this application, I think that this work brings some insights to the develop-
ment of new and promising devices that can be integrated in wearable platforms. 




Figure 7.1. Bitalino plugged kit, available at www.bitalino.com, as an example of a commercial 
wearable sensor. 
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Chapter 8.  APPENDIX 1 
The work presented in Chapter 3, was also publicized as the front cover of Advanced Electronic 
Materials journal, as shown in Figure A 1. 
 




Figure A 1. Front cover of the first issue of Advanced Electronic Materials. 
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